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ABSTRACT 
The incorporation of zn2+ in calcite at low-temperature 
has been studied through two experimental techniques which 
achieved extensive solid solution and/or dolomite formation in 
the CaC03-MgC03 system. In the first set of experiments, 
products were precipitated from calcium chloride-magnesium 
chloride-sodium carbonate solutions and from calcium chloride-
zinc chloride-sodium carbonate solutions at temperatures of 
35°C, 50°C, 70°C, and 90°C, and a pressure of one bar. In the 
Ca-Mg carbonate experiments, longer tun times and higher 
temperatures were both effective in increasing the solid 
solubility of ~1gC03 in calcite. A carbonate phase with dolomite 
stoichiometry was produced at 90°C, but ordering reflections 
indicative of dolomite structure were not observed. In the 
Ca-Zn carbonate experiments above 35°C, longer run times and 
higher temperatures resulted in decreased solid solubility of 
znco3 in calcite. At 35°C, longer run times increased the 
solid solubility of ZnC03 in calcite to a maximum of 30.6 mole % 
znco 3 after 96 hours of run time. 
In the second set of experiments, products were precipitated 
from calcium chloride-magnesium chloride-urea solutions and 
from calcium chloride-zinc chloride-urea solutions at 220°C 
and an initial pco2 of 60 bars. In the Ca-Mg carbonate 
experiments, dolomite was produced in run times of 24 hours; 
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NaCl added to the starting solution enhanced the formation of 
dolomite. In the Ca-Zn carbonate experiments, run times as 
long as 120 hours failed to produce calcite or smithsonite 
showing appreciable solid solution; NaCl added to the starting 
solution did not enhance solid solution and aided in the 
formation of a major unknown phase. 
Minrecordite ((CaZn(C03)2), a recently discovered mineral 
isostructural with dolomite which apparently formed in a 
low-temperature, low-pressure environment, could not be 
synthesized under the experimental conditions of this study. 
Furthermore, extensive solid solution in the Caco3-znco3 
system towards the composition of minrecordite was only achieved 
and maintained at 35°C. Although these low-temperature experiments 
could not test the thermodynamic stability of the end products, 
the findings are consistent with predictions that extensive 
solid solubility and the formation of zinc dolomite in the 
CaC03-znco3 system are relatively low-temperature phenomena. 
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INTRODUCTION 
Despite abundant research on transition-element carbonate 
systems, little was known until recently of the limits of 
solid solubility of smithsonite (ZnC03) in calcite (Caco3) and 
in dolomite ((CaMg(C03)2). Exploratory experimental work by 
Goldsmith and Northrop (1965) suggested that the limit of 
solid solubility of Znco3 in calcite was 20 mole% at 750°C, 
and they further reported that a compound with the structure 
of dolomite was not formed in their experiments on the anhydrous 
CaC03-znco3 binary system. Prior to 1982, only minor amounts 
of zinc had been reported in natural samples of calcite (Deer 
et al., 1962; Palache et al., 1951). Zincian varieties of 
dolomite, however, had been reported, one of which contained a 
Zn/Mg atomic ratio as high as approximately one (Jasienska and 
Zabinski, 1972). 
Rosenberg and Foit (1979) recently discussed the likelihood 
of finding a pure end-member zinc dolomite ((CaZn(C03)2) in 
their review of transition-metal dolomites. On the basis of 
the distortion of carbonate R2+o6 octahedra (where R
2+ is a 
transition-metal) these authors predicted that, while ena-men1ber 
zinc dolomite ((CaZn(C03)2) was probably not a stable phase, 
very extensive solid solution towards that end-member composition 
should be expected. It is clear that there was a discrepancy 
between the theoretical and the known limits of solid solubility 
of smithsonite in calcite and dolomite. 
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Based on electron microprobe studies, Squiller and Sclar 
{1980) and Squiller {1976) invoked a zinc-rich dolomite as the 
mineralogical progenitor of the zinc ore which constitutes the 
Sterling Hill zinc deposit, Sussex County, New Jersey. The 
Sterling Hill ore deposit is a folded and metamorphosed 
stratiform deposit of oxide and silicate ore minerals enclosed 
in the Precambrian Franklin Marble. The ore assemblage is 
unique, and consists of willemite (Zn2Si04), franklinite 
(ideally ZnFe2o4), and zincite {ZnO); there is a virtual 
absence of sulfides. An electron microprobe study of the 
intergranular and intragranular chemical homogeneity of 
franklinite at Sterling Hill led these authors to propose that 
the original zinc deposits were a marine chemical precipitate 
of zincian-ferroan-manganoan dolomite intimately mixed with 
iron and manganese oxides and silica gel. The authors 
hypothesized that when such an assemblage was subjected to the 
known extensive high-rank Grenville regional metamorphism of 
northwest New Jersey, the transition-element dolomite would 
dedolomitize and the unique oxide and silicate ore assemblage 
would result through local chemical reactions. This proposed 
mechanism circumvents the problem of desulfurization, which 
would have to be explained if the original ore minerals were 
sulfides. This hypothesis, however, was built on the potential 
existence of a theoretically predicted yet experimentally and 
naturally unknown zinc dolomite. 
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After the initiation of this study, a natural example of 
a near end-member ordered zinc dolomite ((CaZn(C03)2) was 
found on a dioptase specimen from the Tsumeb mine of Namibia 
(Garavelli et al., 1982). This new mineral, named minrecordite, 
was formed in the second (deep) oxidation zone of the Tsumeb 
deposit. Although the precise physical and chemical conditions 
of formation are not known, this minrecordite appears to have 
formed at low pressure in a vug in limestone at temperatures 
probably less than 250°C and perhaps less than 100°C. Despite 
the fact that minrecordite is a rare mineral, its existence 
verifies the prediction of Rosenberg and Fait (1979), and 
lends support to the hypothesis of Squiller and Sclar (1980). 
An understanding of the physical and chemical conditions 
under which extensive solid solution of smithsonite in calcite 
and dolomite may occur has mineralogical as well as economic 
significance. Mineralogically, the ability to synthesize zinc 
dolomite in the laboratory would help to explain the occurrence 
at Tsumeb, and would contribute to a better understanding of 
the transition-element dolomitization process. Economically, 
if conditions for the formation of minrecordite are achieved 
at or near the earth's surface, particularly at rift vents 
where high zinc concentrations have been reported, such 
carbonates might be the progenitors of certain metamorphosed 
zinc deposits. 
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OBJECTIVE 
The objective of this study was to determine the solid 
solubility of smithsonite (ZnC03) in calcite (Caco3) and in 
dolomite ((CaMg(C03)2) under near-surface aqueous conditions, 
namely, low temperature and low pressure. 
BACKGROUND 
Natural Anhydrous Carbonate Compounds 
Aragonite (CaC03), calcite (Caco3), and dolomite 
((CaMg(C03)2) are common anhydrous carbonate minerals. Aragonite 
and calcite are the most abundant carbonate minerals in recent 
rocks, but aragonite is thermodynamically metastable at the 
low pressure of near-surface conditions (Wray and Daniels, 
1957) and it rarely persists in ancient rocks. Calcite and 
dolomite are the dominant minerals in ancient carbonate rocks. 
The transition-element carbonates (Mnco3, FeC03, Coco3, NiC03, 
Znco3) are found locally but overall they represent a subordinate 
percentage of the total volume of carbonate rocks. 
The Structure of Calcite and Dolomite 
The mineral calcite (CaC03) was assigned to the rhombohedral 
space group R3c-D~d by ~lyckoff (1920) and Schiebold (1919). 
An alternative hexagonal description of the calcite structure 
is often preferred over the rhombohedral description as it 
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allows for clearer visualization of ionic positions. From the 
hexagonal description (Figure 1) it is evident that the calcite 
framework consists of alternating planes of ca 2+cations and 
triangular co3
2
- anion groups. The calcuim ions are in six-fold 
coordination with the oxygens of the co3
2
- groups. Each 
oxygen is coordinated to two ca 2+ ions as well as to the 
carbon ion at the center of the co32- group. 
The mineral dolomite ((CaMg{C03)2) is a double salt with 
2 lower space group symmetry, R3-C3i, than calcite (Wasastjerna, 
1924; Wyckoff and Merwin, 1924). In dolomite, the ca2+ ions 
and Mg 2+ ions alternate in planes perpendicular to the c-axis. 
This layering is similar to that in calcite with every other 
ca 2+ cation plane replaced by Mg 2+ cations, but it is not 
identical inasmuch as the triangular co32- groups rotate 
slightly to fill the void left when the smaller Mg 2+cations 
(0.74 A) replace the larger ca 2+cations (1.04 A). This 
substitution of cations creates two non-equivalent structural 
cites and accounts for the lower space-group symmetry of 
dolomite relative to calcite. 
The structure of dolomite is recognized from that of 
calcite by the presence of specific extra X-ray diffraction 
maxima in the X-ray powder diffraction pattern of dolomite. 
These diffraction maxima, called superstructure or ordering 
reflections (see Appendix 1), are the type h01 and Ok1 with 
odd 1 (such as 101, 015, and 021) and are due to the ordering 
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0 
Figure 1. The hexagonal unit cell of calcite, {Z = 17.06 A) 
co2~aining 6CaC03 and showi2~ alternating levels of Ca {open circl~s) and CO groups {triangles) 
{after Lippmann, 1973). 3 
-a~ 
of calcium and magnesium cations into planes within the carbonate 
framework. Carbonate compounds which show general X-ray 
powder diffraction maxima in the same positions as those of 
dolomite and possess an atomic ratio Ca/Mg=1 but show weak or 
nonexistent superstructure reflections are commonly termed 
protodolomites (Graf and Goldsmith, 1956); however the exact 
definition and use of this term varies (Gaines, 1978; Gidman, 
1978; Deelman, 1978; Gaines, 1977). 
The CaC03-MgC03 Binary System 
Subsolidus phase relations in the Caco3-MgC03 binary 
system (Figure 2) have been determined by Goldsmith and 
Heard (1961). Solid solubility was determined by dry reaction 
at elevated temperatures (greater than 500°C). At these high 
temperatures confining pressure was necessary to prevent 
decomposition of the carbonates according to the reaction: 
XC0 3 -+ XO + C0 2 (where X = Mg
2+ or ca 2+). 
Below 500°C, reactions became sluggish and equilibrium could 
not be attained in dry experiments. 
Two large solvus loops characterize thi·s binary system. 
In the CaMg(C03)2-MgC03 portion of the system the solvus is 
extensive, such that the solubility of ca 2+ in MgC03 and ~ig 2+ 
in CaMg(C03)2 is very limited at temperatures up to 1100°C. 
In the caco3-caMg{C03)2 portion of the system, there exists 
complete solubility at temperatures above 1075°C. Below 
-9-
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Figure 2. The subsolidus phase relations in the CaC03-MgC03 binary s~stem; C = calcite, D 
= dolomite, M = magnesite (after Goldsmith and H~ard, 1961). 
1075°C, the miscibility gap extends down such that the 
coexisting phases are magnesian calcites and virtually pure 
dolomites. Cation order within the dolomite phase decreases 
with increasing temperature until at 1200°C disorder is 
complete and all compositions have the calcite structure. 
Cation order .is complete at temperatures of 950°C or less, as 
evidenced by the presence of superstructure reflections in 
X-ray powder diffraction patterns. The results of hydrothermal 
experiments at temperatures less than 500°C (Graf and Goldsmith, 
1956) suggest that extrapolation of the phase diagram down to 
temperatures of 300°C is correct. Below 300°C, typical 
hydrothermal experimental reactions become sluggish and 
equilibrium cannot be reached. 
Extrapolation of Figure 2 to natural near-surface 
temperatures suggests that the only stable phases in the 
Caco3-MgC03 system at earth surface conditions are slightly 
magnesian calcite, ideal composition and ordered dolomite, and 
virtually pure magnesite (MgC03). These equilibrium relation-
ships seem at odds with some calcuim-magnesium compounds 
commonly found in nature and as experimental products. Calcite 
compounds with up to 30 mole % MgC03 substition are common in 
marine skeletal materials (Graf, 1960; Chave, 1954), and can 
also be formed inorganically in nature (Goldsmith et al., 
1955). Carbonates of near dolomite composition but with up to 
10 mole % excess Caco3 are common in recent sedimentary rocks 
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(Goldsmith and Graf, 1958). Low temperature experimental 
products of all intermediate compositions between Caco3 and 
CaMg(C03)2 have also been produced (Graf and Goldsmith, 1956), 
and, in fact, low-temperature experimental attempts to produce 
dolomite typically result in the formation of a non-ordered 
protodolomite phase (Gaines, 1980). 
The lack of high magnesian calcites and protodolomites in 
ancient carbonate rock sequences, and the eventual transforma-
tion of these laboratory products to low magnesian calcites 
and ordered dolomite at higher temperatures suggests that 
extrapolation of the binary phase relationships found at 
elevated temperatures is correct. The abundant magnesian 
calcites and protodolomites found in nature and in the 
laboratory are clearly metastable phases. The low-temperature 
phase relationships in this system and, in particular, the 
mechanism for the formation of dolomite at low-temperatures, 
are obscured by the common formation of kinetically preferred 
yet thermodynamically unstable phases. 
Since both end-members in the CaC03-MgC03 binary system 
have an equivalent structure, they also have the same major 
X-ray diffraction maxima. The positions of these maxima for 
the same hkl planes are shifted, however, due to the change in 
lattice parameters corresponding to the substitution of cations 
of different size into the lattice. The correlation of chemical 
composition of intermediate compounds with the position of 
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their X-ray diffraction maxima has shown that peak shifts 
occur in a linear fashion with compositional changes between 
the end-members (Goldsmith et al., 1961) and thus follow a 
Vegard relationship. Therefore, the 2Q values of major 
diffraction maxima can be used to estimate the chemistry of 
any compound in the system without recourse to direct chemical 
analysis. 
The Formation of Low-Temperature Dolomite 
The mechanisms of formation of low-temperature dolomite, 
particularly dolomite formed under sedimentary conditions 
(temperatures of less than 100°C) has been an enigma to 
geologists since Dolomieu first described the mineral in 1791. 
Experimentalists have been unable to produce stable, cation-
ordered dolomite at temperatures and pressures representative 
of the sedimentary environment. Summaries of discussions 
concerning the low-temperature formation of dolomite can be 
found in Zenger et al. (1980), Lippmann (1973), Usdowski 
(1967), Fairbridge (1957), Krotov {1925), and Van Tuyl (1916). 
Experimental and natural dolomite form~tion at temperatures 
of less than 300°C is almost always reported to be secondary 
after a primary calcium carbonate phase. Two mechanisms have 
been proposed for the low-temperature formation of dolomite in 
natural aqueous systems: 
2CaC03 + MgS04 --+ CaMg(C03 ) 2 + CaS04 (Haidinger Reactron) 
-13-
2CaC03 + ~~~Cl 2 .-+ CaMg(C0 3) 2 + CaC1 2 (Mar1gnac Reaction) 
Experimentalists model most of their dolomitization studies 
after one of these two reactions. A few workers report success 
at precipitating dolomite directly from solutions at low-
temperatures (Medlin, 1959; Baron, 1958) but the interpretation 
of their results may not be correct (see Discussion). The 
lowest temperature reported for the laboratory formation of 
stoichiometric ordered dolomite is 120°C (Usdowski, 1968). At 
temperatures less than 120°C, attempts to produce dolomite 
usually yield protodolomite as a non-ordered and sometimes 
non-stoichiometric phase (Gaines, 1974); Glover and Sippel, 
1967; Erenberg, 1961; Siegel, 1961; Goldsmith, 1956). Gaines 
(1977) and Katz and Matthews (1976) have pointed out that the 
protodolomite phase may be a necessary precursor for the 
low-temperature formation of dolomite. 
Anhydrous Rhombohedral Transition-Element Carbonate Compounds 
Several first-series transition elements form end-member 
carbonate minerals isostructural with calcite. They are 
rhodocrosite (MnC03), siderite (FeC03), sphaerocobaltite 
(Coco3), gaspeite (NiC03), and smithsonite (ZnC03). In addition, 
copper forms a synthetic compound (CuC03) (Seidel, 1974) 
isostructural with calcite. These transition elements are 
similar in ionic size (Table 1) and identical in charge to 
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Table 1. Ionic Radii 6-fold coordination; (from Shannon and 
Prewitt, 1970). 
0 
Element Radius (A) 
ca2+ 1.04 
Mg2+ 0.74 
Mn2+ 0.91 
Fe2+ 0.80 
Co 2+ 0.78 
Ni 2+ 0.74 
cu2+ 0.80 
zn2+ 0.83 
Table 2. Lattice parameters for some rhombohedral carbonates -
R+2co3 at 25°C; (from Graf, 1961). 
0 0 
Carbonate a (A) c (A) 
CaC03 4.9900 17.062 
MgC03 4.6330 15.016 
MnC03 4. 7771 15.664 
FeC03 4.6887 15.373 
CoC03 4.6581 14.958 
NiC03 4.5975 14.723 
ZnC03 4.6538 15.025 
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magnesium, and the carbonate compounds they form have lattice 
parameters similar to those of magnesite (MgC03) (Table 2). 
These similarities suggest that, like magnesite, solid solution 
of transition-element carbonates with calcite might be extensive, 
and transition-element carbonate compounds isostructural with 
dolomite may be stable phases. Natural occurrences and 
experimental investigations have shown, however, that the 
degree of solid solubility of transition-elements in calcite 
varies markedly from element to element, and that stoichiometric 
dolomite-type compounds cannot always be formed. In this 
study the degree of transition-element solid solubility in 
calcite will be reported as mole % R2+co3 (where R
2+ is a 
transition element and: 
2+ (R2+co3) 
mole % R C03 = ----~2-­(CaC03 + R +co3) 
X 100). 
The degree of transition-element solid solubility in dolomite 
will also be reported as mole % R2+co3 (where R
2+ is a 
transition element and: 
(R2+co3) mole % R2+co =------=----=----X 100). 3 (CaC03 + MgC03 + R
2+co3) 
The subsolidus phase relationships in the CaC03-Mnco3 binary 
system have been investigated by Goldsmith and Graf (1957). 
Above 550°C (Figure 3) there is complete solid solution between 
caco3 and Mnco3• Below 550°C, a miscibility gap exists in the 
CaMn(C03)2-MnC03 portion of the diagram. The left limb of 
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this solvus sharply approaches the 1Ca:1Mn composition. 
Goldsmith and Graf conclude that this suggests that the 1:1 
molar compound has a high degree of cation order beneath 
450°C; however, no ordering reflections were seen in any of 
their synthetic products. Frondel and Bauer (1955) report 
natural occurrences of the ordered manganese dolomite kutnahorite 
((CaMn(C03)2) which has ordering reflections although they are 
small and not ah1ays distinct. No miscibility gap was found 
in the MnC03-CaMn(C03)2 portion of the system. This extensive 
solid solubility was noted in natural samples by Palache et 
al. (1951). Goldsmith and Graf (1957) were able to precipitate 
a complete series of solid solutions between Caco3-Mnco3 
directly at room temperature by mixing calcium chloride and 
manganese chloride solutions with potassium carbonate solutions. 
The products with compositions under the solvus are clearly 
metastable. 
The ternary system caco3-MgC03-MnC03 has also been 
investigated by Goldsmith and Graf (1960). Of special interest 
in the system is the compositional range in which a compound 
isostructural with dolomite can be formed synthetically (Figure 
4). The stippled areas are those compositions at which ordering 
reflections are seen. Ordering reflections decrease in intensity 
and disappear as the CaC03/(MgC03 + MnC03) molar ratio deviates 
from unity and as the manganese-rich end of the CaMg(C03)2 -
CaMn(co3)2 join is approached. Cation ordering probably does 
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' MgC03 
Figure 4. 
" soo·c MnC03 
• • 
The compositional regions in the CaC03-MgC03-MnC03 ternary system in which the dolomite structare can 
be observed; stippled area = dolomite structure, 
hash marks represent 5 mole %composition intervals, • 
= single phase region, o = two phase region (after 
Goldsmith and Graf, 1960). 
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exist towards the manganese-rich side of this join, but the 
powder diffraction technique employed was not sensitive enough 
to detect the decreased intensity of ordering reflections 
caused by the replacement of magnesium by manganese. Also 
interesting, is the fact that at 500°C the compositional range 
in which the dolomite structure is found is limited to a 
region below the CaMg(C03)2 - CaMn(C03)2 join. Only at higher 
temperatures (eg. 800°C in Figure 4) does the dolomite-stable 
region include an area above and below this join and the join 
becomes a binary. The compositional variation at lower 
temperatures where CaC03/(MgC03 + MnC03) molar ratios are less 
than one can be explained by substitution of some Mn 2+ for 
ca 2+ in the calcium planes. Natural occurrences of manganese 
in a magnesian dolomite are known to 17 mole % MnC03, but 
there are no examples with compositions between this and the 
mineral kutnahorite. 
The CaC03-FeC03 binary system has been studied by 
Goldsmith et al. (1962) and Rosenberg (1960). This join shows 
a single large assymmetrical miscibility gap from ferroan 
calcite to calcian siderite over the entire range of temperatures 
studied (Figure 5). The greater substitution of iron in 
calcite than calcium in siderite (Feco3) is consistent with 
other carbonate binary systems in which the smaller cation 
substitutes more extensively into calcite. A single-phase 
iron dolomite {{CaFe{C03)2) has neither been synthesized 
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experimentally (Rosenberg, 1960a, 1959; Goldsmith, 1959; 
Rosenberg and Harker, 1956) nor found naturally. Extrapolation 
of the solvus to higher temperatures in Figure 5 shows that a 
stable phase of composition CaFe{C03)2 should exist at a 
temperature of 875°C; however such a phase would be a disordered 
solid solution with a calcite structure and not an ordered 
compound isostructural with dolomite. 
The CaC03-MgC03-FeC03 ternary was investigated experimentally 
by Goldsmith et al. (1962). Although an end-member iron 
dolomite was not found, an ordered compound with up to 33 mole 
% Feco3 has a definite stability field between 600°C (Figure 
6) and 800°C. The natural occurrence of this phase, known as 
ankerite, has been well documented. The known maximum 
temperatures of formation of some ankerite suggests that it is 
a stable phase at temperatures lower than those investigated 
experimentally. As with the manganoan dolomites, the ferroan 
dolomite phases tend to have less distinctive ordering 
reflections with increasing iron content. All of the natural 
samples of ankerite studied by Goldsmith et al. (1962) show 
ordering reflections. 
Unlike siderite and rhodocrosite, sphaerocobaltite (CoC03) 
has a very 1 imited solid solubility in calcite. Goldsmith and 
Northrop (1965) found that at 600°C less than 5 mole % coco3 
was soluble in calcite and that at 800°C only 15 mole % CoC03 
was soluble in calcite. Experimental determination of Caco3 
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Figure 6. The ternary phase relations in the CaC03-NgCO~-FeC03 
system at 600°C; stippled area = dolomite,•= single 
phase region, o = two phase region, ' = three phase 
region (Goldsmith, et. al., 1962). 
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solubility in CoC03 was not possible because of problems with 
carbonate decomposition. There is no experimental evidence to 
support the suggestion that an end-member cobalt dolomite 
((CaCo(C03)2) exists. Natural substitution of cobalt in 
calcite and dolomite is rare and it occurs only as a minor 
substitient (Deer et al., 1962; Palache et al., 1951). The 
ternary system Caco3-MgC03-coco3 (Goldsmith and Northrop, 
1965) does show a thin band of single phase cobaltoan dolomite 
at the temperatures studied between 600°C and 750°C (Figure 
7), but exact delineation of the compositional area of 
stability of this phase is difficult because of its small 
size. At 600°C, up to 11 mole % Coco3 can substitute into the 
dolomite lattice and at 750°C the limit of solid solubility is 
13 mole % Coco3• 
Solid solubility in the caco3-NiC03 system is very limited. 
Less than 5 mole % NiC03 is soluble in calcite (Goldsmith and 
Northrop (1965). Experimental study of this system is extremely 
difficult due to low reaction rates and the low thermal 
decomposition characteristics of the nickel carbonates. The 
limited data available suggests that end-member nickel dolomite 
((CaNi(C03)2) does not exist as a stable phase. No natural 
calcites containing significant amounts of nickel have been 
reported (Deer et al., 1962; Palache et al., 1951). The 
ternary relationships in the Caco3-MgC03-NiC03 system 
investigated by Goldsmith and Northrop (1965) show that a 
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Figure 7. The ternary phase relations in the CaC03-MgC03-CoC03 
system at 600°C; stippled area = dolomite,•= single 
phase region, o = two phase region, • = three phase 
region (after Goldsmith and Northrop, 1965). 
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nickeloan dolomite phase with up to 15 mole % NiC03 at 600°C 
has a limited stability field (Figure 8). No natural 
occurrences of dolomite with a significant nickel content have 
been reported (Deer et al., 1962; Palache et al., 1951). The 
dolomites produced in the cobalt and nickel carbonate systems 
show ordering reflections which, like the iron and manganese 
systems, decrease in intensity with increasing substitution of 
the transition element. Also, like the ferroan dolomites, the 
cobaltoan and nickeloan dolomites tend to have excess calcium 
in their lattice. 
The CaC03-cuco3 binary system has not been studied. The 
copper carbonate compound (Cuco3) is isostructural with 
calcite but it is only stable at elevated pressures (Seidel, 
1974). Natural calcites and dolomites which contain 
significant copper in solid solution have not been reported. 
Experimental results on the solid solubility of 
smithsonite (ZnC03) in calcite and dolomite are limited. In 
the only known literature reference Goldsmith and Northrop 
(1956) reported that approximately 20 mole % Znco3 is soluble 
in calcite at 750°C (based on unpublished data). The fact that 
the Caco3-znco3 and caco3-MgC03-ZnC03 systems have received 
little attention is interesting in light of the fact that 
several occurrences of zincian dolomite have been reported. 
Pinch and Wilson (1977), Geier (1974), Geier and Weber (1958), 
Strunz et al. (1958) and Hurlbut (1957) have all described 
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Figure 8. The ternary phase relations in the CaC03-HgC03-NiC03 system at 600°C; stippled area = dolomite,•= single 
phase region, o = two phase region, ' = three phase 
region { after Goldsmith and Northrop, 1965). 
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zincian dolomite from the Tsumeb Mine, Nambia, which contains 
a maximum of 17 mole % ZnC03• Jasienska and Zabinski (1972) 
report a much richer zincian dolomite from the Warynski mine, 
Upper Silesia, Poland. These authors report a dolomite with 
25 mole % ZnC03 and their electron microprobe analysis showed 
(wt. %) calcium 16-18%, zinc 10-14%, magnesium 3-4%, and iron 
1%. 
An experimental study of the CaC0 3-znco3 binary system 
and of the CaC03-MgC03-znco3 ternary system was probably not 
carried out in detail because of problems with the thermal 
decomposition of zinc carbonate which are analogous to but 
more severe than the problems encountered in the study of the 
cobalt- and nickel-bearing carbonate systems. The thermal 
decomposition of smithsonite has been determined by Harker and 
Hutta (1955), and compared to other simple rhombohedral 
carbonates by Goldsmith (1959) (Figure 9). Extrapolation of 
the Znco3 decomposition trend shows that smithsonite is close 
to being unstable at the temperature and partial pressure of 
carbon dioxide at or near the earth's surface (Goldsmith, 
1959). Also, at elevated temperatures, smit~sonite requires a 
much greater pC02 to remain as a carbonate phase than any of 
the other simple rhombohedral carbonates. This results in 
experimental difficulties at the high temperatures required 
for dry reaction in the squeezer-type apparatus of Griggs and 
Kennedy (1956) which was used to study the other carbonate 
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systems. Goldsmith (1959) noted that the factor limiting the 
solid substitution of smithsonite in calcite at moderate 
temperatures was probably the thermal decomposition character-
istics of zinc carbonate, and not structural aspects in the 
binary system. 
Theory of Transition-Element Dolomite 
The substitution of transition elements for magnesium in 
dolomite clearly is not a function of ionic size. If this 
were the case iron, cobalt, nickel and zinc would all substitute 
more extensively into the dolomite structure than manganese 
based on the size of these ions relative to magnesium (Table 1 
and 2). In fact, the opposite is true in that the degree of 
substitution of manganese into the dolomite structure is 
greater than that of any of the other transition elements. 
Rosenberg and Foit {1979) discussed the stability and 
limits of solid solubility of transition-element dolomite 
based on the distortion of octahedra of transition elements 
relative to octahedra of magnesium ions. Structural studies 
of calcite and dolomite show that the framework octahedra in 
magnesium dolomite are actually less distorted and provide 
better charge shielding for the octahedral cations than the 
framework octahedra in calcite. This is because the size of 
the calcium ion is at the limit allowed for octahedral 
coordination. Thus, the stability of dolomite is enhanced 
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relative to calcite because of the octahedral site occupancy 
of the two minerals. The octahedral distortion of transition-
element octahedra based on O-R2+-o bond angles (where R2+ is a 
transition element) is shown in Table 3. The estimated degrees 
of distortion of transition-metal octahedra relative to magnesium 
octahedra in dolomite structure suggests the following distortion 
series: 
Mg < ~1n < Zn < Fe < Ni < Co < Cu. 
The extent of natural and experimental substitution of transition 
elements for magnesium into a dolomite structure correlates 
well with the degree of distortion of the transition-element 
octahedra; the less distorted the transition-element octahedra 
relative to the magnesium octahedra, the greater the solid 
solubility into a dolomite structure. 
Rosenberg and Fait also point out thermochemical considera-
tions for ranking the stabilities and degrees on substitution 
in transition-element dolomites. For a compound with a dolomite-
structure to be stable in any Caco3-R
2+co3 system (where R
2+ 
is a transition element), the free energy of formation of the 
dolomite must be more negative than the sums of the free 
energies of two disordered binary solid solutions. Inasmuch 
as no data are available for the free energies of transition-
element binary solid solutions, Rosenberg and Fait substitute 
the sum of the free energy of formation of the end-member 
compositions which are known. The sums of the free energies 
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Table 3. Predicted O-R2+-o octahedral bond angles (degrees) 
in the rhombahedral carbonates (from Rosenberg and 
Foit, 1979). 
O-R2+-0 
Carbonate Predicted Observed 
CaC03 92.43 92.43 
FeC03 91.97 
MgC03 91.75 
MnC03 91.61 
ZnC03 91.54 
NiC03 91.40 
CoC03 91.30 
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Table 3. Predicted O-R2+-o octahedral bond angles (degrees) 
in the rhombahedral carbonates (from Rosenberg and 
Fait, 1979). 
O-R2+-0 
Carbonate Predicted Observed 
CaC03 92.43 92.43 
FeC03 91.97 
MgC03 91.75 
MnC03 91.61 
ZnC03 91.54 
NiC03 91.40 
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-32-
of formation of the component end-members of hypothetical 
transition-element dolomites (Table 4) can then be used to 
rank the relative stabilities of the hypothetical dolomites 
(Rosenberg and Foit choose to ignore the free energy of 
mixing AGm which they feel is negligible relative toll Gf). 
The more negative the AGf' the more likely extensive solid 
solution towards a stoichiometric ordered dolomite compound 
will occur. These free energies suggest a series of decreasing 
stability: 
Mg > Mn > Zn > Fe > Co > Ni > Cu. 
Except for the transposition of cobalt and nickel (probably 
not significant in light of the small differences in relative 
octahedral distortions) this series of decreasing stability 
agrees with that predicted by the octahedral distortion series 
and the natural occurrences of transition element dolomites. 
The theory presented by Rosenberg and Foit predicts that 
zinc substitution for magnesium in dolomite should be 
intermediate between that found for manganese (presumably 
complete) and iron (up to 33 mole % FeC03). At the time this 
theory was proposed no natural examples of dolomite so rich in 
zinc had been reported. Furthermore, no experimental attempts 
had been made to study the limits of substitution of zinc for 
magnesium in dolomite. The only study available predicted a 
maximum of 20 mole % Znco3 in calcite at 750°C. Thus, at the 
time this study was initiated there were theoretical predictions 
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Table 4. Free energies of formation { 6Gf Kcal/mol at 295°C) 
of some rhombohedral carbonates from Rosenberg and 
Foit, 1979). 
Carbonate t. Gf {measured) t Gf {estimated) 
Kcal/mol Kcal/mol 
Caco3 -269.7 
MgC0 3 -245.9 
MnC03 -195.0 
FeC03 -159.3 
CoC03 -155.2 
NiC03 -146.4 
Cuco3 -123.8 
ZnC03 -174.8 
CaMg{C03)2 -515.6 
ca~ln { co3) 2 -464.7 
CaFe{C03)2 -429.0 
CaCo{C03)2 -424.9 
CaNi{C03)2 -416.1 
CaCu{C03)2 -393.5 
CaZn(C03)2 -444.5 
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that extensive zinc substitution for magnesium in dolomite 
should occur, but no natural or experimental evidence for such 
substitution was available. 
The Genesis of the Sterling Hill and Franklin Zinc Deposits 
The Sterling Hill and Franklin zinc deposits are a pair 
of folded and metamorphosed, stratiform ore deposits enclosed 
in the Precambrian Franklin Marble of Sussex County, New Jersey. 
They are unique in that their ore mineral assemblage consists 
of the oxides zincite (ZnO) and franklinite (idealy ZnFe2o4) 
and the silicate willemite (ZnSi 2o4), rather than sphalerite (ZnS). 
Speculation on the genesis of these deposits has been ongoing 
for 150 years. Most of the early hypotheses proposed an 
epigenetic formation (Ridge, 1952; Pinger, 1950; Palache, 
1935; Ries and Bowen, 1922; Spencer et al., 1908) which required 
a precursor sulfide deposit to be desulfurized to form the 
present oxide and silicate ore assemblage. 
Squiller and Sclar (1980), like other more recent workers 
(Frondel and Bauer, 1974; Frondel, 1972; Metsger et al, 1969; 
Callahan, 1966) have adopted the syngenetic view of Kitchell 
(1855). Kitchell suggested that the original deposit was a 
layer of zinc-rich sediment deposited within the enclosing 
limestone, and that the ore assemblage seen today resulted 
from metamorphic processes with little or no addition of 
material. Squiller and Sclar, on the basis of electron 
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microprobe studies of the franklinite at Sterling Hill, suggest 
that the original zinc-rich sediment was a zincian-ferroan-
manganoan dolomite intimately and heterogeneously mixed with 
silica gel and colloidal iron and manganese oxides. Upon 
metamorphism and dedolomitization, the present day ore-mineral 
assemblage would be generated as follows: 1) franklinite 
occurs where oxides with a high Fe/Mn ratio were present and 
silica gel was absent, 2) willemite occurs where silica gel 
was present and oxides of iron and manganese were virtually 
absent, 3) zincite occurs where both silica gel and iron and 
manganese oxides were absent. This model circumvents the 
problem of desulfurization associated with most epigenetic 
models and provides a reasonable explanation for the salt and 
pepper ore texture and lack of intergranular homogeneity of 
franklinite at Sterling Hill. 
Squiller and Sclar (1980) point out the few occurrences 
of zincian dolomite at the Tsumeb and Warynski Mines as evidence 
that extensive amounts of zinc could be carried in a dolomite 
phase, but none of these examples are rich enough in zinc to 
be the progenitor at Sterling Hill. Furthern1ore, the conditions 
of formation of zincian dolomite have never been determined, 
so appraisals as to the likelihood of such a phase being 
formed in large quantities under the marine sedimentary 
conditions could not be made. 
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Minrecordite - The Zinc Analogue of Dolomite 
During the preparation of this manuscript a new mineral, 
named minrecordite was discovered (Garavelli et al., 1982). 
Minrecordite is the calcium and zinc analog of magnesium 
dolomite, consisting of a near stoichiometric caco3;znc03=1 
molar ratio and exhibiting the ordering reflections found in 
other composition dolomites. 
The type specimen of minrecordite consists of tiny crystals 
perched on dioptase crystals which formed in the second oxidation 
zone of the Tsumeb mine, Namibia. The crystals occur as 
twisted, pearly, lustrous rhombohedrons up to 0.5 mm. following 
the first generation of the dioptase crystals. Two varieties 
have been noted; one, (type A) has near stoichiometric 
1CaC03:1ZnC03 composition, and another (type B) contains 
significant amounts of magnesium. The chemical composition, 
optical properties, and physical properties of these two 
varieties are summarized in Table 5. 
The discovery of this new phase as a mineral lends support 
to the hypothesis of Rosenberg and Fait (1979) concerning the 
stability of transition-element dolomites. The composition of 
minrecordite (type A- 45.8 % ZnC03) falls close to the limit 
predicted by Rosenberg and Fait's theory (42 to 45 mole % 
ZnC03). Furthermore, the existence of this phase, while 
limited in occurrence does strengthen the model proposed by 
Squiller and Sclar (1980) for the genesis of the Sterling Hill 
and Franklin ore bodies. 
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Table 5. Summary of chemical, physical, and optical properties 
of Minrecordite; Type A and Type B (from Garavelli 
et al., 1982). 
Chemistry 
Type A Type B 
Ca.979(Zn.917 Mg.C67 Fe.034 Mn.003)(C03)2 
Ca(zn.699 Mg.134 ca.090 Fe.068 Mn.oo9)(C03)2 
X-ray Data (Hexagona1 Index) 
hkl d (A) 1/1 
101 4.039 10 
012 3.7008 20 
104 2.8896 100 
006 2. 6723 3 
015 2.5418 3 
110 2.4095 25 
113 2.1965 20 
021 2.0685 3 
202 2.0192 15 
024 1.8506 10 
018 1.8064 33 
116 1.7889 40 
211 1.5696 5 
122 1. 5475 8 
214 1.4675 10 
208 1.4452 3 
119 1.4322 3 
125 1. 4152 2 
030 1. 3909 5 
0012 1.33575 3 
Unit-cell parameters 
a=4. 8183 Ao 
c=16.0295 A 
c/a=3.32683 
V=332.68 A3 
Moh's hardness 
3.5 
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0 
d (A) l/1 
3. 7180 20 
2.9056 100 
2.5569 1 
2.4126 20 
2.2060 25 
2.0266 2 
1.8578 10 
1.8180 35 
1.7990 35 
1.5757 3 
1. 5533 10 
1.4735 12 
1.4528 2 
1. 4211 1 
1. 3957 5 
0 
a=4. 8355 Ao 
c=16.1433 A 
c/a=3.33853 
V=326.89 A3 
3.5 
Specific gravity 
3.45 
Optical properties 
uniaxial (-) 
strongly birefringent 
UJ =1. 750 
E: =1. 550 
{1014) cleavage prominent 
pearly luster 
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3.32 
uniaxial (-) 
strongly birefringent 
w =1.734 
f: =1. 542 
(1014) cleavage prominent 
pearly luster 
EXPERIMENTAL APPROACH 
In most experimental petrological investigations, the 
primary variables to be considered are temperature and pressure. 
In the case of the rhombohedral carbonates, temperatures in 
excess of 450°C are often needed to attain equilibrium when 
working under dry conditions. At temperatures this high, most 
of the rhombohedral carbonates require a confining pressure of 
co2 to prevent decomposition according to the relationship: 
x2+co3-+XO + C02 (where x2+ is a divalent cation). 
The total pressure does not significantly change the equilibrium 
conditions at a constant temperature (Goldsmith and Northrop, 
1965); rather it is a partial pressure of carbon dioxide 
(pC02) which is required to prevent decomposition. 
From the thermal-decomposition properties of smithsonite 
(Figure 10), it is apparent that at temperatures greater than 
500°C (which are needed for sufficient reactivity to reach 
equilibrium in most dry carbonate systems within reasonable 
experimental time) more than 4 kilobars of pressure is needed 
to prevent decomposition. This is a much greater pC02 than 
that needed to prevent decomposition of the other rhombohedral 
carbonates (Figure 9) and does not represent reasonable near-
surface conditions. The zinc-rich lens within a carbonate 
sequence proposed by Squiller and Sclar (1980) for the Sterling 
Hill zinc deposit is considered to be related to submarine 
vents like those found along active rift systems. These rift 
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systems represent relatively low-temperature, low-pressure 
hydrothermal conditions. The natural occurrence of minrecordite 
also suggests that it formed in a low-temperature, low-pressure 
environment. These three points suggest that a promising 
approach to the attainment of extensive solid solution of 
ZnC03 in calcite which may be applicable to natural occurrence 
may be aqueous low-temperature, low-pressure conditions. 
Much hydrothermal experimentation has been carried out in 
the CaC03-MgC03 system at temperatures of less than 300°C 
(Usdowski, 1968; Glover and Sippel, 1962; Erenberg, 1961; 
Siegel, 1961; Medlin, 1959; Baron, 1958; Graf and Goldsmith, 
1956). In these experiments, besides temperature and pressure 
it is important to consider the effects of pH, total salinity, 
and molar cation ratio. These low-temperature experiments do 
not always achieve the equilibrium conditions which exist in 
high-temperature subsolidus experiments, but they more closely 
simulate the conditions under which most natural carbonates 
form. Often they form the same thermodynamically metastable 
but kinetically favored phases (magnesian calcites and 
protodolomites) found in nature. The apparent missing variable 
for achieving equilibrium conditions in both the laboratory in 
recent low temperature natural occurrences is the effect of 
geologic time. This time factor has been used to explain the 
paucity of recent dolomites relative to the vast amounts found 
in ancient carbonate rock sequences. 
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EXPERIMENTAL METHODS 
Two different types of low-temperature hydrothermal 
experiments, both modeled after those which resulted in 
substantial solubility and/or dolomitization in the CaC03-MgC03 
binary system, were performed. Because equilibrium conditions 
were not likely to be achieved, the effect of time was studied 
to see if the experimental products were approaching some 
limiting composition. In both cases, experiments with magnesium 
and experiments with zinc were performed so that a comparison 
could be made between limits of solid solubility and the 
dolomitization process in the calcium-magnesium carbonate and 
the calcium-zinc carbonate systems. 
Open Beaker Experiments 
The first type of experiment, referred to as "open beaker" 
experiments because they were performed in open beakers under 
a pressure of one bar, were modeled after experiments performed 
by Erenberg (1961) and Glover and Sippel (1961) in the system 
CaC03-MgC03 and by Goldsmith and Graf (1960) in the system 
CaC03-MnC03• 
Stock solutions of 1 molar zinc chloride, 1 molar magnesium 
chloride, 1 molar calcium chloride, and 1 molar sodium carbonate 
were prepared from reagent grade chemicals and distilled 
water. Working with chloride solutions rather than the anhydrous 
chlorides was preferred because of the deliquescent nature of 
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the chlorides. Working with solutions also allowed for easy 
and accurate measurement of the chlorides needed for each run. 
Apparatus for the open beaker experiments is shown in 
Figure 11. A hot plate was used to heat 40 ml. of 1M Na 2co3 
solution in a 150 ml. pyrex beaker to the desired temperature. 
Temperature was monitored to ±2°C by a thermometer placed 
directly in the solution. A titration burrette placed directly 
above the pyrex beaker held 40 ml. of the desired 1M chloride 
solution. The chloride solution was heated to the desired 
temperature by a heating tape wrapped around the outside of 
the burette and controlled by a thermostat. Temperature was 
again monitered to ±2°C by a thermometer placed directly in 
the chloride solution. 
After both the carbonate and chloride solutions had 
equilibrated to the desired temperature, the chloride solution 
was released from the titration burette to the beaker of 
carbonate solution at a rate of 5 ml. per minute. The carbonate 
solution was mechanically stirred constantly during the addition 
of the chloride solution. The volume of both the 1M carbonate 
solution and the 1M chloride solution was 40 ml., so the 
amount of cations and anions available for reaction in the 
final mixed solution were equivalent. When mixing of the two 
solutions was complete, the beaker was sealed with a rubber 
stopper and moved to an oven preheated to the same temperature 
at which mixing was done to allow to precipitate to digest. 
-44-
0 
0 
0 
F;gure 11. Schemat;c d;agram of exper;mental apparatus for 
the open-beaker exper;ments. 
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This procedure was repeated with starting chloride solutions 
of 1Ca:1Mg atomic ratio (20 ml. 1M CaC1 2 and 20 ml. 1M MgC1 2) 
and with starting chloride solutions of 1Ca:1Zn atomic ratio 
(10 ml. 1M CaC1 2 and 20 ml. 1M ZnCl 2) at temperatures of 35°C, 
50°C, 70°C, and 90°C. At specified time intervals between 
0.25 hours and 96 hours, the solution and precipitate mixture 
was mechanically stirred and a representative 6 ml. aliquot 
was removed with a pipette. The aliquot was filtered and 
rinsed with distilled water through a 0.22 urn. Millipore 
filter. This filtering and rinsing provided a rapid quench 
for each run as well as allowing for the removal of any unreacted 
solution. The precipitate remaining on the filter membrane 
was dried at room temperature and stored in glass vials. 
Another set of experiments was performed at 70°C in which 
40 ml. of 1M mixed calcium chloride, zinc chloride, and magnesium 
chloride solutions {atomic ratio 1Ca:1(Zn+Mg) in which the 
concentration ratio of zinc/magnesium was varied) were added 
to 40 ml. of Na 2co3 solution. This was done to test the 
effect of variable zinc/magnesium concentrations on the 
dolomitization process. 
Medlin-Type Experiments 
A second type of experiment carried out in this study was 
modeled after the work of Medlin {1959). Medlin claimed to 
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have hydrothermally synthesized single-phase ordered dolomite 
at 220°C by direct precipitation from solution. Medlin's run 
conditions in which he achieved the best dolomite production 
were duplicated. Apparatus used for these experiments is 
shown schematically in Figure 12. Aqueous solutions of calcium 
chloride and magnesium chloride (Ca/Mg=0.84 atomic) with a 
final volume of 35 ml. were prepared, to which 2.9 wt. %urea 
was added as a source of co3
2
- ions. These solutions were 
reacted in a glass-lined stainless-steel reaction vessel at 
220 +l0°C for run times between 1 and 24 hours. An initial 
pCO of 60 bars was sealed in the bomb at room temperature to 
prevent carbonate decomposition. An equivalent set of runs 
with 3 wt. % NaCl added to the above chloride-urea solution 
was also made because Medlin reported that NaCl enhanced the 
range of thermal stability and crystallinity of the dolomite 
produced. After the desired run time, the bombs were water 
quenched. The products inside were filtered and rinsed through 
a 0.22 urn. Millipore filter, air dried at room temperature, 
and stored in glass vials. 
Another set of Medlin-type experiments was made in which 
the MgCl 2 was replaced by ZnCl 2• Experimental products were 
produced at run times between 3 and 120 hours. All parameters 
other than time were kept constant to test the similarities in 
the dolomitization processes between the two systems. 
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Figure 12. Schematic cross-section of experimental apparatus 
for the Medlin-type experiments. 
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The Effect of pH 
In both the 11 open beaker 11 and Medl in-type experiments the 
effect of pH on the final precipitate phase assemblage and 
chemistry was ignored. The initial carbonate solution in each 
type of experiment had a pH of about 12. At this pH, the 
co32- ion is the predominant carbonate 'species in solution. 
As precipitation occurs co3
2
- ions are removed from solution 
and the pH is effectively lowered, to approximately 7. 
Therefore, precipitates in both of these experiments were 
synthesized in a range of pH conditions. While the range of 
pH's in these experiments seems to have had little effect on 
the precipitate formed in past studies of the calcium-magnesium 
carbonate system, it may have an effect on the assemblage and 
composition of phases formed in the calcium-zinc carbonate and 
calcium-magnesium-zinc carbonate systems. 
ANALYTICAL METHODS 
Products formed in the open beaker experiments and the 
Medlin-type experiments were analyzed by X-ray powder 
di ffractometry to determine phase assemb 1 ages and anhydrous 
carbonate composition. A Phillips APD 3600 automated X-ray 
diffractometer with computer-aided peak search capabilities 
was used for the X-ray analysis. The experimental products 
were fine enough that additional grinding was not required to 
achieve random orientation in the packed powder mounts. 
-49-
Samples were scanned with Cu K~ (1.514) radiation between 5° 
and 65° 2Q at a generator setting of 45 kv. and 30 rna. Potential 
errors in the angular position of the diffraction maxima were 
corrected with an external quartz standard. 
The position of the major (104) diffraction maxima was 
used to estimate the composition of the calcium-magnesium 
carbonate compounds in accordance with the known Vegard 
relationship in this system. The composition was determined 
by the equation: 
mole % MgC03 
= 3.035- (d-value of (104) peak) 
0.298 
From the lattice parameters of the new mineral minrecordite 
and other zincian dolomites, it appears that the Caco3-znco3 
system also exhibits a Vegard relationship (Garavelli et al., 
1982), so it was possible to determine the composition of the 
experimental calcium-zinc carbonate compounds on the basis of 
the position of the major {104) diffraction maxima. The 
composition was determined by the equation: 
mole% ZnCO = 3.035- (d-value of (104) peak) 
3 0.2908 
Because of the poorly crystalline nature of some of the low-
temperature short run-time products and the shifting composition 
of many of the experimental products with time, some {104) 
diffraction maxima are broad. A maximum error of ~0.05° 2Q 
seems possible in assigning an angular position to the 
diffraction maxima. This corresponds to an error of 
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approximately a +1.6 mole %. An additional error of +2.0 mole 
% may be possible due to the estimation involved when working 
with Vegard relationships in carbonate systems. Thus, a total 
error of +3.6 mole %may be expected. 
EXPERIMENTAL RESULTS 
Open-Beaker Experiments: Calcium-Magnesium Carbonate System 
At 35°C (Figure 13), the precipitate is poorly crystalline 
and X-ray amorphous after 6 hours of digestion. After 24 hours 
of digestion, the precipitate shows good crystallinity and 
consists of virtually single-phase magnesian calcite (34.2 
mole% MgC03); hydromagnesite may be present in trace amounts 
but low intensity of the X-ray diffraction maxima not 
attributable to an anhydrous carbonate phase make positive 
identification impossible. After 48 hours the magnesian 
calcite (38.6 mole % MgC03) becomes slightly more magnesium-
rich and hydromagnesite may still persist in tract amounts. 
At 72 hours, the precipitate is single-phase magnesian calcite 
(38.6 mole % MgC03). 
At 50°C (Figure 14), the precipitate is X-ray amorphous 
after 1 hour of digestion. After 2 hours, the precipitate 
shows the first sign of crystallinity indicated by magnesian 
calcite (17.4 mole % MgC03). After 6 hours, the precipitate 
gives an X-ray powder diffraction pattern of well-crystallized 
single-phase magnesian calcite (40.2 mole % MgC03). At 48 
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Figure 13. 
I 
29 38 47 
29 Cu Kcx 
X-ray powder diffractograms of products of the 
Ca-Mg carbonate open-beaker experiments at 35°C; 
MC =magnesian calcite. (Dashed line represents 
position of 104 diffraction maxima of pure calcite}. 
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Figure 14. X-ray powder diffractograms of products of the 
Ca-Mg carbonate open-beaker experiments at 50°C; 
MC = magnesian calcite. 
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hours, the magnesian calcite (39.6 mole % MgC03) persists and 
does not change in composition. Hydromagnesite appears in 
trace amounts in the 24 and 48 hour runs. 
At 70°C (Figure 15), the product is crystalline after 
0.5 hours, and consists of a two-phase mixture of magnesian 
calcite. The dominant magnesian calcite (8.7 mole% MgC03) is 
low in magnesium relative to the subordinate magnesian calcite 
(45.0 mole % MgC03). After 1 hour, the high-magnesium calcite 
(43.6 mole % MgC03) is the dominant phase and the low-magnesium 
calcite (7.0 mole % MgC03) is the subordinate phase. With 
increasing time the trend of magnesium enrichment continues, 
until after 24 hours the high-magnesium calcite (47.0 mole % 
MgC03) is fully dominant and the low-magnesium calcite (9.1 
mole % MgC03) is a minor component. Aragonite which is 
metastable to calcite appears in trace amounts in the 1 and 2 
hour runs. 
At 90°C (Figure 16), the initial precipitate shows good 
crystallinity after 0.5 hours and consists dominantly of 
high-magnesium calcite (45.0 mole% MgC03}, subordinately of 
low-magnesium calcite (10.4 mole % MgC03), a minor proportion 
of aragonite, and a trace amount of hydromagnesite. With 
increasing time to 2 hours, the high-magnesium calcite (48.3 
mole % MgC03) becomes more magnesium-rich, and the low-magnesium 
calcite (12.4 mole % MgC03) becomes more magnesium-rich and 
less abundant; aragonite remains a minor phase and hydromagnesite 
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Figure 15. 
21 38 
29 Cu Koc 
X-ray powder diffractograms of products of the 
Ca-Mg carbonate open-beaker experiments at 70°C; 
LMC = low-magnesium calcite, HMC = high-magnesium 
calcite, A = aragonite. 
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Figure 16. X-ray powder diffractograms of products of the 
Ca-Mg open-beaker experiments at 90°C; LMC = 
low-magnesium calcite, HMC = high-magnesium 
calcite, A = aragonite. 
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in a trace amount. After 24 hours, the high-magnesium calcite 
(52.3 mole % MgC03) has attained dolomite stoichiometry (within 
error), however, the ordering reflections which characterize 
the dolomite structure were not detected. The low-magnesium 
calcite (15.8 mole % MgC03) has become more magnesium-rich, 
but it is less abundant relative to the dominant high-magnesium 
calcite based on relative peak height changes; aragonite 
persists as a minor phase and hydromagnesite persists in trace 
amounts. 
Open-Beaker Experiments: Calcium-Zinc Carbonate System 
At 35°C (Figure 17), the precipitate shows good crystallinity 
in just 0.25 hours. The initial product consists of two 
zincian-calcite phases (21.7 mole% ZnC03; and 9.3 mole% 
Znco3) hydrozincite (Zn 5(co3)2(0H) 6) is a minor phase. After 
1 hour of digestion there is little change in the composition 
and relative amounts of the zincian calcite, but a new phase 
identified as calcium oxalate hydrate (C 2H6Ca0] or Cac2o4·37H20; 
J.C.P.D.S. file #20-232) appears. After 2 hours of digestion 
the low-zinc calcite has disappeared and the high-zinc calcite 
(26.5 mole % ZnC03) has not only become the dominant phase but 
is even more enriched in zinc. With the disappearance of the 
low-zinc calcite phase, the calcium oxalate hydrate phase 
increases in abundance significantly, as evidenced by the 
large increase in intensity of its diffraction maxima. After 
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Figure 17. X-ray powder diffractograms of products of the 
Ca-Zn carbonate open-beaker experiments at 35°C; 
LZC = low-zinc calcite, HZC = high-zinc calcite, 
COH = calcium oxalate hydrate. 
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47 
6 hours the precipitate is composed of a high-zinc calcite 
{28.2 mole % ZnC03) and the calcium oxalate hydrate phase. 
After 96 hours, the high-zinc calcite {30.6 mole % ZnC03) is 
even richer in zinc and the calcium oxalate hydrate has become 
a major phase. 
At 50°C {Figure 18), the precipitate after 0.25 hours of 
digestion consists of a single zincian calcite phase (25.4 
mole % ZnC03) and hydrozincite as a minor phase. After 1 hour, 
the precipitate consists of zincian calcite (31.3 mole % 
ZnC03) which is slightly richer in zinc, and minor hydrozincite. 
After 2 hours of digestion the zincian calcite (30.3 mole % 
ZnC03) did not change in composition significantly. The 
precipitate after 24 hours consists of zincian calcite (14.8 
mole % ZnC03) which contains much less zinc, and hydrozincite. 
At 70°C (Figure 19), after 0.25 hours the major phase in 
the crystalline precipitate is a zincian calcite (13.1 mole% 
ZnC03); hydrozincite is present as a minor phase. With time 
to 2 hours, the zincian calcite (14.4 mole % ZnC03) does not 
change in composition appreciably, and hydrozincite remains a 
minor phase. After 24 hours, the zincian calcite (9.3 mole % 
ZnC03) is poorer in zinc and the hydrozincite remains a minor 
phase. 
At 90°C (Figure 20), after 0.25 hours the precipitate 
consist dominantly of zincian calcite (13.8 mole% ZnC03); 
also present is a minor percentage of hydrozincite. With time 
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X-ray powder diffractograms of products of the 
Ca-Zn carbonate open-beaker experiments at 10°C; 
ZC = zincian calcite, H = hydrozincite. 
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Figure 19. X-ray powder diffractograms of products of the 
Ca-Zn carbonate open-beaker experiments at 70°C; 
ZC = zincian calcite, H = hydrozincite. 
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Figure 20. X-ray powder diffractograms of products of the 
Ca-Zn carbonate open-beaker experiments at 9C°C; 
ZC = zincian calcite, H = hydrozincite. 
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47 
to 2 hours, the zincian calcite (10.7 mole% ZnC03) becomes 
poorer in zinc and the hydrozincite relative concentration 
remains about the same. After 6 hours, the zincian calcite 
(5.5 mole% ZnC03) has become even poorer in zinc; the 
crystallinity of the hydrozincite has improved but it is 
apparently no more abundant. After 6 hours trace amounts of 
aragonite are detectable. After 24 hours the zincian calcite 
( 4. 8 mole % ZnC03) has become very poor in zinc; hydrozi ncite 
remains a minor phase at about the same relative concentration 
as in shorter time runs. 
Open Beaker Experiments: Variable Zn/Mg Atomic Ratios 
The X-ray diffraction patterns of the seven precipitates 
formed at 70°C from solutions covering the entire range of 
Zn/Mg atomic ratios are presented in Figure 21. In all cases, 
the major phase present in the precipitate is a calcite 
containing some solid solution of smithsonite, magnesite, or 
both. Hydrozincite occurs as a minor phase in precipitates 
formed from zinc-rich solutions, and minor aragonite is found 
in all precipitates except those fanned from ~1g-absent or 
Zn-absent solutions. 
Based on the position of the major (104) diffraction 
maxima, the calcite formed from the solution with the 100Zn:0~1g 
atomic ratio contains 5.8 mole % ZnC03, and the calcite formed 
from the 0Zn:100Mg atomic ratio solution contains 44.6 mole 
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Figure 21. X-ray powder diffractograms of products from 
open-beaker experiments in which solutions covering 
a complete range of Zn/Mg ratios were used; hkl = 
calcite (ss) diffraction maxima, A = aragonite, H 
= hyrdozincite. 
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% ~1gC0 3 • The precipitates formed from solutions of i nterrnedi ate 
compositions containing different Zn:Mg atomic ratios are all 
calcite of compositions intermediate between these two extremes 
(Figure 21). Unfortunately, the composition of these calcites 
cannot be determined by X-ray diffractometry peak shift because 
the shift could be accounted for by the substitution of either 
zinc or magnesium in the calcite. Inasmuch as all products of 
the open-beaker experiments were cryptocrystalline, and, 
therefore, too fine-grained to be chemically analyzed with the 
electron microprobe, it was hoped that single-phase products 
would be produced which could be analyzed either by (1) direct 
bulk chemical analysis by X-ray fluorescence spectroscopy or 
(2) quantitive X-ray diffraction phase analysis of the oxide 
phases produced by the thermal decomposition of the products. 
The presence of hydrozincite in the experimental products in 
addition to the anhydrous carbonate phase, however, means that 
chemical analysis by either of these techniques would include 
zinc from both phases and that the actual amount of zinc in 
the anhydrous phase cannot be determined directly. 
An attempt was made to determine the amount of zinc in 
the hydrozincite as opposed to the zinc in the anhydrous 
carbonate phase by a weight-loss technique. This would allow 
the total zinc content determined by either X-ray fluorescence 
spectroscopy or quantitative X-ray diffraction to be adjusted 
to reflect just the zinc in the anhydrous carbonate phase. 
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The sample to be analyzed was dried thoroughly at 100°C to 
remove all non-structural water. Then hydrozincite was 
decomposed at 320°C according to the reaction: 
Zn5(co3)2(0H) 6 (hydrozincite)--+ 5Zn0 (zincite) + 3H2o + 2co2. 
The weight loss resulting from decomposition could then be 
attributed to the loss of the structurally bound water and 
carbon dioxide, and the amount of zinc allotted to these 
volatiles (assuming stoichiometric hydrozincite) would reflect 
the total zinc in the system associated with hydrozincite. 
Numerous attempts at this procedure resulted in weight losses 
which would require more zinc than was available in the system 
to be attributed to hydrozincite. The most likely explanation 
for this is that either amorphous material decomposed or 
non-structural water in fluid inclusions was released in the 
same thermal-decomposition interval as that of hydrozincite. 
This additional weight loss would preclude an accurate 
determination of the weight percent of hydrozincite in these 
products, and therefore, the amount of zinc introduced into 
these products by hydrozincite. Thus, it was not possible to 
determine the amount of zinc in the anhydrous carbonate phase 
and the substitution of zinc into the calcite structure in the 
presence of varying amounts of magnesium could not be assessed. 
-66-
Medlin-Type Experiments: Calcium-Magnesium Carbonate System 
After 1 hour at 220°C, the experimental product consists 
of a two-phase mixture (Figure 22A) composed dominantly of 
magnesium calcite (22.8 mole % MgC03) and subordinately of 
calcian magnesite (12.1 mole% CaC03). The experimental 
product after 3 hours is also a two-phase mixture composed 
dominantly of magnesian calcite (21.8 mole % MgC03) and 
subordinately of calcian magnesite (33.1 mole % CaC03). 
Although the peak positions do not appear to indicate any 
significant change in composition, the diffraction maxima of 
both phases have broadened in a way which suggests a 
compositional shift towards dolomite. 
After a run time of 10 hours, the experimental product 
still consists of a two-phase mixture of magnesian calcite 
(36.2 mole % MgC03) and calcian magnesite (12.4 mole % CaC03). 
The calcian magnesite has not changed in composition 
significantly, but the magnesian calcite shows a large 
compositional shift towards dolomite. The magnesian calcite 
(104) maxima is quite broad and appears to consist of several 
discrete peaks within a single broad peak which could indicate 
that several compositionally discrete magnesian calcites 
exist. 
After 24 hours, a three-phase assemblage is produced. 
The dominant phase is stoichiometric (based on peak positions) 
ordered {based on the appearance of ordering reflections) 
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Figure 22. X-ray powder diffractograms (CuKO(, radiation) of products of the Medlin-type 
experiments: caco3-MgC03 system; MC = magnesian calcite, 0 = dolomite, CM = calcian magnesite. 
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dolomite. Although ordering reflections are present, they are 
neither particularly strong nor sharp; this may be an indication 
that ordering is not complete. The other two phases are minor 
and consist of magnesian calcite {22.5 mole % MgC03) and 
calcian magnesite {15.8 mole % CaC03). 
Products of runs in which 3.0 wt. % NaCl was added to the 
starting solution consist of the same phases that were produced 
from solutions to which NaCl was not added. After 1 hour, the 
experimental product consists of a two-phase mixture of 
magnesian calcite {31.2 mole % MgC03) and calcian magnesite 
{16.8 mole % CaC03) {Figure 228). Both the magnesian calcite 
and the calcian magnesite diffraction maxima show broadening 
towards higher and lower 2Q values respectively, which is 
indicative of a compositional shift towards dolomite. The 
product of the 3 hour run with added NaCl consists of a three-
phase mixture of high-magnesium calcite {48.7 mole% MgC03), 
low-magnesium calcite {27.5 mole% MgC03), and calcian magnesite 
{16.8 mole % Caco3). Major diffraction maxima can be resolved 
but they overlap to a high degree, again reflecting the gradual 
change in composition of magnesian calcite and calcian magnesite 
towards the composition of dolomite. 
After 10 hours with 3 wt. % NaCl added to the starting 
solution, the experimental product consists dominantly of 
high-magnesium calcite {45.0 mole % MgC03) and subordinately 
of low-magnesium calcite {15.4 mole % MgC03) and calcian 
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magnesite (8.7 mole% Caco3). The diffraction maxima of the 
high-magnesium calcite phase have narrowed and become much 
stronger relative to those of the low-magnesium calcite and 
calcian magnesite. Ordering reflections which would indicate 
the dolomite structure are absent. 
After 24 hours with 3 wt. % NaCl added to the starting 
solution, the product consists of stoichiometric ordered 
dolomite, and minor magnesian calcite (21.1 mole % MgC03) and 
calcian magnesite (6.4 mole % CaC03). Ordering reflections 
indicative of the dolomite structure are present, but they are 
not particularly strong so full ordering may not yet have 
occurred. 
Medlin-Type Experiments: Calcium-Zinc Carbonate System 
The results of the Nedlin-type experiments at 220°C in 
which zinc chloride was substituted for magnesium chloride 
show that after 3 hours, the experimental product consists of 
a two-phase mixture of calcite and smithsonite with very 
little solid solution of one in the other (Figure 23A). Both 
phases are well crystallized as evidenced by their sharp X-ray 
diffraction maxima. The product after 24 hours of run time 
still consists of near end-member calcite and smithsonite. 
After 120 hours (5 days) of run time the product is still 
predominantly a two-phase mixture of calcite and smithsonite 
(possibly with 3.1 mole % CaC03) showing virtually no solid 
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Figure 23. X-ray powder diffractograms (CuK<>'. radiation) of products of the Nedlin-type 
experiments: caco3-znco3 system; C = calcite, S = smithsonite, ? = unknown phase. 
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solution of one in the other. A minor phase which could not 
be identified (no match in J.C.P.D.S. Ingoranic Compounds 
File) has also formed at this time. The peak positions of 
this phase suggest that it may be a hydrous ammonium compound. 
The carbonates formed .in the longest run time still show 
little if any solid solution, it does not appear that time 
enhances the formation of zincian dolomite under the conditions 
of this experiment. 
The presence of 3 wt. % NaCl in the starting solution did 
not enhance any solid solubility between calcite and smithsonite 
(Figure 238) in run times as long as 120 hours. In fact, the 
only effect of the sodium chloride seems to be to enhance the 
development of the unknown {possibly hydrous ammonium compound) 
phase which was found only in long-term runs without NaCl. 
After 120 hours with NaCl added to the starting solution, the 
unknown phase is a major component of the experimental product 
and virtually no smithsonite is detectable. 
DISCUSSION 
Open-Beaker Products 
The results of the open-beaker experiments in the calcium-
magnesium carbonate system are summarized in Figure 24. The 
first data point in each temperature sequence represents tbe 
time at which the product was sufficiently crystalline to 
diffract X-rays. In the calcium-magnesium carbonate experiments, 
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of products of the Ca-Mg carbonate open-beaker experiments. 
the time required for X-ray detectable crystallinity was 
relatively long, e.g., at 35°C diffraction maxima were not 
observed until the run time was 24 hours. At higher temperatures, 
X-ray detectable crystallinity occurs in shorter times, e.g., 
at 50°C after 2 hours, and at 70°C and 90°C after 0.5 hours. 
The relatively slow onset of crystallization in the calcium-
magnesium system may be explained by the strong hydration 
barrier associated with magnesium cations in solution (Lippmann, 
1973). The magnesium ions being incorporated into the carbonate 
phase tend to be hydrated and thus apparently poison the 
surface of the growing crystal which results in relatively 
slow crystal growth. 
Other trends are also apparent in Figure 24. First, in 
each temperature sequence with increasing time, the major 
carbonate phase becomes more magnesium-rich; at 35°C the phase 
increased from 34.2 to 38.6 mole % MgC03, at 50°C from 17.4 to 
39.6 mole% MgC03, at 70°C from 8.7 to 47.0 mole% MgC03, and 
at 90°C from 45.0 to 52.3 mole % Mgco3• The large changes in 
molar MgC03 content in the major carbonate phases in the 50°C 
and 70°C temperature sequences represent the shift in composition 
from a discrete low-magnesium calcite to a discrete high-
magnesium calcite. The shift from a low-magnesium calcite to 
a high-magnesium calcite (sometimes called a protodolomite) 
has been described as a necessary step in the low-temperature 
dolomitization process by Gaines (1980) and Katz and Matthews 
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(1977). The primary calcite phase apparently must first be 
enriched in magnesium to a composition at or near dolomite 
stoichiometry {50 mole % MgC03) before cation ordering within 
the structure occurs. The mechanism of ordering most often 
invoked is a dissolution-reprecipitation mechanism (Gaines, 
1980), inasmuch as solid-state diffusion is considered to be 
too slow to permit ordering at these low-temperatures even 
within geologic time. 
Another trend apparent in Figure 24 is that, at any given 
time, increasing temperature increased the amount of magnesium 
present in the major carbonate phase. This trend is not as 
obvious in short-time runs because of shifts from low-magnesium 
calcites to high-magnesium calcites, but it is apparent in 
longer runs. At 35°C the maximum magnesium content in the 
major carbonate phase is 38.6 mole% MgC03 {72 hours), at 50°C 
it is 40.2 mole % Mgco3 (6 hours), at 70°C it is 47.0 mole % 
MgC03 is 52.3 mole % MgC03 (24 hours). 
At 90°C after 24 hours the major carbonate phase has 
attained dolomite stoichiometry (within error). This phase 
cannot be called a dolomite, however, because there is no 
evidence of ordering reflections in the X-ray powder diffraction 
pattern of this product. Instead, this phase is a high-magnesium 
calcite or protodolomite which has the composition of dolomite 
but a disordered calcite structure. The ordering phenomena in 
low-temperature dolomites has never been achieved even in long 
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term laboratory studies, so the results of this study are in 
agreement with those of earlier workers. It is concluded that 
extensive solid solution towards dolomite composition in the 
CaC03-MgC03 system is easily attained at low-temperatures, but 
the dolomite structure indicated by ordering reflections is 
not. 
The results of the open-beaker calcium-zinc carbonate 
experiments are summarized in Figure 25. From this diagram a 
number of trends are apparent. First, at all temperature runs 
(35°C to 90°C) X-ray detectable crystallinity was apparent 
after just 0.25 hours, which is a much shorter time than that 
observed in products of the calcium-magnesium carbonate open-
beaker experiments. These results may be explained by the 
lack of a strong hydration barrier around the zinc cation 
relative to that found around magnesium in aqueous solutions 
so that the zinc incorporated into the calcite phase does not 
poison the surface of the growing crystallites. 
Another trend is that time is not effective in increasing 
the zinc content in the major carbonate phase at temperatures 
above 35°C, in striking contrast with the results found in the 
calcium-magnesium carbonate open-beaker experiments. At 35°C, 
the zinc content of the major carbonate phase does increase 
from 21.7 mole% ZnC03 to 30.6 mole% ZnC03 after 24 hours. 
The formation of calcium oxalate hydrate in the 35°C temperature 
sequence apparently occurs due to dissolution of the unstable 
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low-zinc calcite releasing calcium ions into solution. At 
temperatures above 35°C the trend with time is one of zinc 
depletion in the major carbonate phase. At 50°C there is an 
initial zinc enrichment from 25.4 mole % Znco3 after 0.25 to 
32.3 mole % Znco3 after 6 hours, but, after 24 hours, zinc 
depletion has occurred resulting in a phase with 14.8 mole % 
Znco3• At 70°C there is possibly a slight enrichment from 
13.1 mole % Znco3 after 0.5 hours to 14.4 mole % Znco3 after 
2 hours, but, with increasing time to 24 hours, there is zinc 
depletion to 9.3 mole % Znco3 after 24 hours. At 90°C the 
zinc depletion in the major carbonate phase is relatively 
rapid, from 13.8 mole % Znco3 at 0.25 hours to 4.8 mole % 
Znco3 after 24 hours. It is concluded that in these experiments 
at temperatures above 35°C the major anhydrous carbonate phase 
does not undergo zinc-enrichment with time and, under the 
conditions of these experiments, time will not enhance the 
probability of zinc dolomite formation. 
Increasing temperature in the calcium-zinc carbonate 
open-beaker experiments results in a decrease in the zinc 
content of the major carbonate phase (Figure 25). At 35°C, 
the zinc content of the anhydrous carbonate after 96 hours is 
30.6 mole % Znco3, at 50°C it is 15.0 mole % Znco3 after 
24 hours, at 70°C it is 9.3 mole % Znco3 after 24 hours, and 
at 90°C it is 4.8 mole % Znco3 after 24 hours. Under the 
conditions of these experiments, temperature above 35°C is not 
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effective in increasing the solid solubility of ZnC03 in Caco3 
and does not enhance the possibility of zinc dolomite formation. 
Medlin-Type Products 
The results of the Medlin-type experiments performed at 
220°C agree well with the trends found in the lower temperature 
open-beaker experiments. The initial product consists of a 
two phase mixture of magnesian calcite and calcian magnesite.· 
With increasing time the magnesian calcite composition shifts 
towards that of dolomite and the calcian magnesite decreases 
in abundance until, after 24 hours, stoichiometric ordered 
dolomite is the major phase in the experimental product. The 
addition of 3 wt. % NaCl to the starting solution enhances 
dolomite formation as previously noted by Medlin (1959). 
Medlin (1959) reported that the dolomite in his experi-
ments formed by direct precipitation from aqueous solution. 
The results of these experiments indicate that the initial 
precipitate is a two-phase mixture of calcite and magnesite 
showing some solid solution. Dolomite formation occurs via a 
magnesium enrichment and ordering of the precursor calcium 
carbonate phase. This finding is consistent with recent 
studies which suggest that direct precipitation of dolomite 
from aqueous at low temperature is unlikely (Zenger et al., 
1980). The distinctive porous structure (Figure 26) of the 
dolomite produced and the shifting composition of precursor 
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technique showing marked porous texture. 
calcium carbonate phases seems to indicate that the dolomite 
formation occurred via a dissolution-reprecipitation mechanism 
(Katz and Matthews, 1977). The dissolution-reprecipitation 
mechanism has been suggested as the mechanism of low-temperature 
dolomite formation in other natural and experimental studies 
(Gaines, 1980). 
The Medlin-type experiments in which zinc chloride was 
substituted for magnesium chloride do not show any evidence 
for zinc dolomite formation. The products consists of two 
carbonate phases of virtually end-member calcite and smithsonit~ 
composition after 120 hours of reaction time. This is consistent 
with the trend found in open-beaker experiments where increasing 
temperature resulted in decreasing solid solubility between 
calcite and smithsonite. The introduction of 3 wt. % NaCl to 
these experiments did not increase solid solubility or enhance 
the formation of zinc dolomite. In fact, the NaCl seems to 
have had an adverse effect by enhancing the formation of a 
major unknown phase (perhaps a hydrous ammonium compound). 
The only temperature explored in this study in which 
moderate solid solubility of smithsonite in calcite was observed 
was 35°C. The longest run time at this temperature, 96 hours, 
produced the maximum amount of Znco3 in calcite (30.6 mole % 
ZnC03). It is possible that longer run times might have 
achieved even greater solid solubility. The relatively large 
degree of solid solubility at the lowest temperature explored 
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is consistent with the statement of Goldsmith (1959) in which 
he said that the limit of solid solubility in the Caco3-znco3 
system may be controlled by decomposition rather than structural 
relationships. At higher temperatures atmospheric pressure 
may not be adequate to maintain zinc in anhydrous carbonate 
form. The problem associated with such low temperatures is 
that reaction rates are poor so that equilibrium may not be 
reached even in long-term experiments. Also, any metastable 
phases which form early in experiments may persist indefinitely 
because of the slow reaction rates and not allow the stable 
phase assemblage to be produced. 
Suggestions for Future Work 
An attempt should be made to determine the equilibrium 
phase relationships in the Caco3-znco3 system hydrothermal 
methods. Such a determination would delineate areas of phase 
stability and allow for extrapolation of phase boundaries to 
near-surface temperatures. To achieve equilibrium in reasonable 
amounts of time, temperatures which require a high pC02 to 
prevent decomposition of zinc carbonate compounds may be 
necessary. High pco2 is not likely to be found in the natural 
environment where minrecordite has been found. Therefore, an 
understanding of zinc dolomite formation in nature will 
untimately have to be gained from kinetic studies of the type 
in this study. 
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The aqueous system in which minrecordite formed is probably 
chemically complex, and all variables cannot be reproduced 
easily in the laboratory. Several variables not considered 
here in detail may need to be studied critically before extensive 
solid solution toward and formation of zinc dolomite at low 
temperatures is achieved. These variables include pH, cation 
ratio in solution, cation concentration in solution, and 
long-term reaction periods. In future experiments, the source 
Co 2- . h 1 b 1 of 2 1ons s ou d e carefu ly considered. The use of urea 
decomposition to produce co2
2
- cations also produces CN and 
NH3 as decomposition products. These added components complicate 
an explanation of the aqueous chemical conditions of precipi-
tation. High pressure injection of co2 gas may be a preferable 
2- . source of co2 1ons. 
Another variable not studied here is the effect that the 
complexing of metal cations in solution has on phase production. 
Metal chlorides were used in this study; however, some authors 
(Siegel, 1961) have reported that metal sulphates are more 
effective in promoting extensive solid solution in the calcium-
magnesium carbonate system at low temperatures. The Tsumeb 
deposit where minrecordite was found in a sulfide deposit, so 
sulfate ions may have been available to form zinc complexes in 
the solutions which formed the zinc dolomite. 
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CONCLUSIONS 
1) In the calcium magnesium carbonate open-beaker 
experiments, higher temperatures and longer run times were 
both effective in increasing solid solubility of MgC03 in 
calcite. Products with dolomite stoichiometry were produced; 
however ordering reflections indicative of dolomite structure 
were not observed. 
2) In the calcium-zinc carbonate open-beaker experiments 
above 35°C, longer run times and higher temperatures both 
resulted in zinc depletion of tbe major anhydrous carbonate 
phase. At 35°C, the solid solubility of Znco3 in calcite 
increased with time to a maximum of 30.6 mole % Znco3 at 
96 hours. 
3) The Medlin-type experiments in the calcium-magnesium 
carbonate system at 220°C were successful in producing 
stoichiometric ordered dolomite. Tbe mechanism of dolomite 
formation, however, is not direct precipitation from aqueous 
solution as originally reported by Medlin. Rather, it is a 
dolomitization process involving a precursor calcium carbonate 
phase which reacts with the solution perhaps through a 
dissolution-reprecipitation mechanism. The Medlin-type 
experiments in the calcium-zinc carbonate system produced near 
end-member calcite and smithsonite and showed little solid 
solution after 120 hours of reaction. 
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4) Minrecordite (Type A), the calcium-zinc analogue of 
dolomite, which formed in nature under near-surface conditions, 
was not synthesized under the low-temperature, low-pressure 
condiitions of this study. Extensive solid solubility in the 
Caco3-znco3 system was achieved only at 35°C. This finding is 
consistent with predictions which suggest that extensive solid 
solubility and the formation of zinc dolomite in the CaC03-znco3 
system may be a low-temperature phenomena, perhaps controlled 
by its low thermal stability rather than any inherent structural 
barriers. 
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Appendix I 
Standard Powder X-ray Diffraction Patterns (Cu K radiation) 
for some Rhombohedral Carbonates (Joint Committee for 
Power X-ray Diffraction Standards). 
Calcite Dolomite Magnesite Smithsonite 
0 0 0 0 
hkl d{A) 
.1.L.k d{A} .!L.k d{A} .!Lk d{A} .!Lh 
101 4.03 5 
012 3.86 12 3.69 5 3.55 50 
104 3.035 100 2.886 100 2.742 100 2.750 100 
006 2.845 3 2.670 10 2.503 18 
015 2.540 10 
110 2.495 14 2.405 10 2.318 4 2.327 25 
113 2.285 18 2.192 30 2.102 45 2.110 18 
021 2.066 5 
202 2.095 18 2.015 15 1.939 12 1.946 25 
024 1. 927 5 1. 848 5 1. 769 4 1. 776 12 
018 1.913 17 1.804 20 1.700 35 1. 703 45 
116 1. 875 17 1. 786 30 
009 1. 781 30 
211 1. 626 4 1.567 10 1. 510 4 1. 515 14 
122 1.604 8 1.545 10 1.488 6 1.493 14 
1010 1. 587 2 1.496 1 1.406 4 1.408 2 
214 1. 525 5 1.465 5 1.411 10 
028 1. 518 4 1. 445 5 1.371 4 1.374 4 
119 1. 510 3 1.431 10 1.354 8 1.357 2 
125 1.473 2 1.413 5 
030 1.440 5 1.389 15 1.338 8 1.343 10 
0012 1.422 3 1.335 10 1. 252 4 1. 2524 6 
217 1.356 1 1. 297 5 1. 2386 1 1.2423 2 
0210 1. 339 2 1. 269 5 1.2022 1 1. 2048 4 
128 1.297 2 1.238 5 1.1798 1 1.1833 8 
220 1. 247 1 1.202 5 1.1583 1 1.1632 2 
1112 1.235 2 1.168 5 1.1011 1 1.1028 2 
312 1.144 5 1.1057 2 
2110 1.1795 3 1.123 5 1.0669 4 1.0699 4 
314 1.1538 3 1. 0710 6 
226 1.1425 1 1.096 5 1. 0510 2 1.0552 2 
0015 1.068 1 
404 1. 0473 3 1.006 5 0.9692 2 0.9730 6 
318 1. 044 7 4 1. 001 5 0.9573 2 0.9606 8 
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APPENDIX II: Summary of X-ray Diffraction Data 
List of abbreviations used in Appendix II: 
HM = hydromagnesite 
MC = magnesian calcite 
LMC = low-magnesium calcite 
HMC = high-magnesium calcite 
A = aragonite 
COH = calcium oxalate hydrate 
H = hydrozincite 
ZC = zincian calcite 
HZC = high-zinc calcite 
LZC = low-zinc calcite 
C(hkl) =calcite phase with Miller Indice 
S(hkl) = smithsonite phase with Miller Indice 
D = dolomite 
CM = calcian magnesite 
? = unknown 
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Ca-Mg Carbonate Open-Beaker Experiments 
35°C 
24 hrs. 48 hrs. 72 hrs. 
0 0 0 
phase d(A} ILI 0 d(A} ILI 0 d(A} I [I o 
HM 5.860 2 5.837 1 
H~1? 5. 382 1 
HM 4.394 2 
MC 3.743 4 3. 720 4 3. 726 5 
~1C 2.933 100 2.920 100 2.920 100 
I 
1.0 MC 2.726 6 2. 718 8 2.708 8 ~ 
I 
MC 2.428 8 2.415 10 2.417 8 
MC 2.218 25 2.212 26 2.206 29 
MC 2.040 17 2.030 15 2.023 17 
MC 1.839 27 1.837 28 1.833 30 
MC 1.812 27 1.808 30 1.805 27 
MC 1.482 5 
50°C 
2 hrs. 6 hrs. 24 hrs. 48 hrs. 
0 0 0 0 
phase d(A} ILI 0 d(A} ILia d(A} I[! o d(A} I[! o 
HM 5. 773 1 5.828 1 
~1C 3. 717 4 3. 713 4 3. 721 4 
50°C (continued) 
2 hrs. 6 hrs. 24 hrs. 48 hrs. 
0 0 0 0 
phase d(A) ILio d(A) ILI o d(A) ILI 0 d(A) ILio 
MC 2.983 100 2. 915 100 2. 917 100 2.917 100 
MC 2.706 8 2.703 9 2.699 8 
~1C 2.706 8 2.703 9 2.699 8 
MC 2.422 7 2.415 9 2.418 9 
MC 2.208 26 2.209 29 2.208 30 
MC 2.057 24 2.027 16 2.028 16 2.029 18 
I MC 1.824 27 \.0 
(.11 
I MC 1.806 28 1.801 26 1.803 29 
MC 1.580 4 
MC 1.553 9 1.554 8 1.555 7 
MC 1.476 4 1.475 4 1.475 4 
70°C 
5 hrs. 1 hr. 2 hrs. 6 hrs. 24 hrs. 
0 0 0 0 0 
phase d(A) ILI 0 d(A) ILio d(A) ILI 0 d(A) ILI 0 d(A) ILio 
LMC 3.831 6 3.839 5 3.838 2 
HMC 3. 710 4 3.693 4 3. 699 4 3.689 
A 3.393 2 3.390 3 
A 3.271 2 3.274 2 
70°C (continued) 
• 5 hr. 1 hr. 2 hrs. 6 hrs. 24 hrs • 
0 0 0 0 0 
phase d{A} ILI 0 d{A) ILI 0 d{A} I LI o d{A} ILio d{A} ILI o 
LMC 3.009 100 3.014 49 3.005 27 3.006 24 3.008 18 
HMC 2.901 22 2.905 100 2.893 100 2.896 1CO 2.895 100 
HMC 2.695 7 2.686 10 2.682 10 2.675 8 
U1C 2.477 17 2. 478 9 2.477 5 2.482 5 2.478 2 
HMC 2.415 7 2.410 9 2.405 10 2.403 10 
A? 2.363 5 
LMC 2. 269 24 2. 271 12 2.266 7 2.265 7 2.266 4 
I HMC 2.202 28 2.195 30 2.195 33 2.193 33 1.0 
m 
I LMC 2.082 19 2.082 16 2.080 8 2. 079 8 2.076 3 
HMC 2.018 21 2.015 18 2.018 . 19 2.015 17 
A 1.976 9 
LMC 1.892 17 1.895 12 1.892 7 
LMC 1. 861 27 1. 862 20 1.855 13 1.859 11 1.856 8 
HMC 1.810 10 1.809 35 
HMC 1.794 27 1.791 27 1.790 28 1.795 29 
LMC 1.619 3 
LMC 1. 594 8 1. 594 3 1.592 2 
HMC 1.547 6 1.548 7 1.547 7 1.544 8 
LMC 1. 514 7 
HMC 1.468 3 1.466 3 1.467 5 
90°C 
• 5 hr. 1 hr • 2 hrs. 6 hrs. 24 hrs. 
0 0 0 0 0 
~hase d(A} ILio d{A} ILJ o d{A} ILio d{A} ILJ o d(A} ILJ o 
HM 6.347 3 6.329 1 
Ht1 5.814 4 5.814 3 5.764 5 5.769 3 5.749 3 
HM 4.428 2 
A 4.191 2 4.177- 1 4.182 2 
LMC 3.817 5 3.824 4 3.811 4 3.796 5 3.790 4 
HMC 3.704 3 3.698 4 3.683 4 3.680 3 3.672 4 
A 3.400 14 3.398 16 3.391 14 3.386 13 3.380 12 
I 
\.0 A 3.382 10 3.276 9 3. 273 9 3. 271 6 3.262 5 
-.....J 
I 
LMC 3.004 56 3.002 51 2.998 46 2.997 38 2.988 35 
HMC 2. 901 100 2.895 100 2.891 100 2.886 100 2.879 100 
HMC 2.699 16 2.697 15 2.695 17 2.689 13 2.684 10 
LMC 2.476 14 2.481 8 2. 476 10 2.477 8 2.476 11 
HMC 2.411 14 2.408 6 2.409 11 2.403 10 2.400 12 
A 2.367 13 2.368 11 2.363 9 
A 2.334 9 2.333 2 2.334 8 2.328 3 2.328 4 
LMC 2.263 13 2.264 7 2.262 8 2. 259 7 2.256 5 
HMC 2.198 32 2.198 31 2.188 35 2.191 32 2.186 28 
A 2.107 6 
U.1C 2.076 11 2.075 5 2. 075 9 2. 072 6 2.070 3 
HMC 2.129 19 2.017 15 2.015 16 2.012 17 2.012 17 
90°C (continued) 
.5 hr. 1 hr. 2 hrs. 6 hrs. 24 hrs. 
0 0 0 0 0 
phase d{A} ILl o d{A} I~Io d{A} I [I o d{A} I~Io d{A} I~Io 
A 1.979 21 1.976 16 1. 976 16 1. 974 15 1. 971 15 
LMC 1.886 19 1.887 10 1.883 12 1.881 12 1.881 2 
HMC 1.855 20 1.957 18 1.854 17 1.849 14 1.849 3 
HMC 1.805 33 1.802 33 1.803 31 1. 797 28 1.798 17 
A 1.743 10 1.739 9 1.738 8 1. 740 11 1.738 3 
LMC 1.590 4 1. 614 2 1. 617 2 1.608 2 
HMC? 1.587 3 
I 
1.0 HMC 1.550 9 1.545 9 1.550 6 1.543 7 1.543 8 00 
I 
H~1C 1.470 6 1.464 5 1.465 7 1.464 4 1.462 4 
Ca-Zn O~en Beaker Ex~eriments 
35°C 
• 25 hr. • 5 hr. 1 hr. 2 hrs • 6 hrs. 24 hrs. 96 hrs. 
0 0 0 0 0 0 0 [!hase d(A} ILio d(A} ILJ o d(A} ILI 0 d(A} I(I o d(A} ILio d (A} ILJo d{A} ILI 0 
COH 10.806 2 10.980 8 10.968 17 10.987 13 10.983 14 10.985 15 
COH? 8. 916 1 
H 7.053 4 
COH 5.502 2 5.500 3 5.487 1 5. 478 4 
COH 4.725 2 
H 3.986 4 4.010 4 
I HZC 3. 778 17 3.789 20 3. 798 18 3.758 24 3. 755 26 3. 749 3.750 26 1..0 23 1..0 
I COH 3.663 9 3. 670 13 3.651 12 3.659 14 
COH 3.356 8 3.351 18 3.344 23 3.341 19 3.344 29 
H 3.147 14 3.155 12 3.155 11 3.149 1 
LZC 3.008 100 3.003 100 3.013 89 
HZC 2. 972 100 2. 977 100 2.977 100 2.958 100 2.953 100 2.946 100 2.946 100 
COH 2.869 31 2.864 54 2.860 53 2.856 49 2.860 68 
HZC 2.730 10 2. 724 4 2. 720 7 
H 2.704 32 2.709 31 2. 712 27 
COH 2.562 7 2.567 1 2.562 2 2.555 7 
COH 2.485 26 2.480 17 2.477 15 2.477 13 2.475 23 
HZC 2.453 28 2.454 34 2.453 28 2.435 30 2.434 30 2.432 25 2.433 30 
35°C {continued) 
.25 hr. • 5 hr. 1 hr. 2 hrs. 6 hrs. 24 hrs • 96 hrs. 
0 0 0 0 0 0 0 
~hase d(A) ILio d{A) ILI 0 d{A) ILio d{A) ILl o d{A) ILio d{A) ILI 0 d{A} ILio 
COH 2.365 4 2.364 2 2. 371 12 
LZC 2.268 17 2.276 15 
HZC 2.239 24 2.243 27 2.245 22 2.231 22 2.228 24 2.224 21 2.227 25 
LZC 2.081 17 2.081 18 2.083 16 
HZC 2.055 23 2.058 29 2.058 25 2.045 33 2.045 34 2.043 30 2.043 34 
HZC 1.896 26 1.895 20 1.902 28 
HZC 1.862 32 1.867 29 1. 867 31 1.877 20 1.877 18 1. 879 18 1. 879 18 
I 
..... COH 1.855 22 0 
0 
I HZC 1. 834 23 1.837 26 1.837 20 1.825 26 1.825 27 1.820 25 1.825 28 
COH 1. 753 4 
COH 1. 731 2 1. 727 5 1. 722 3 1. 729 9 
H? 1. 715 1 
COH 1. 678 3 1.677 13 1.677 13 1.676 15 1.677 17 
HZC? 1.599 13 1.588 6 
HZC 1. 577 19 1.577 26 1. 579 22 1.566 11 1. 566 19 1. 564 18 1.566 14 
HZC 1.546 16 1.548 22 1.549 19 1.536 9 
HZC 1.496 11 1.498 14 1.498 11 1.487 14 1.488 10 1.489 11 
HZC 1.439 3 
5oac 
• 25 hr. • 5 hr. 1 hr • 2 hrs. 6 hrs. 24 hrs. 
a a a a a a 
J.:!hase d{A) ILJ a d{A} Ill a d(A} ILia d{A} ILl a d(A} ILia d{A} ILia 
COH 10.813 2 
H 6. 735 6 6.748 8 6.740 12 
H 5.296 1 5.287 1 
H 4.057 3 4.012 6 
zc 3.754 21 3.740 21 3.739 24 3.743 27 3.730 27 3.798 15 
A 3.345 2 3.344 3 
H 3.168 10 3.156 5 3.145 11 3.163 10 3.158 8 3.160 11 
I 
...... zc 2.961 100 2.941 100 2.944 100 2.947 100 2.941 100 2.922 100 0 
...... 
I H 2.886 9 
zc 2.807 8 
H 2.720 21 2. 714 11 2. 710 23 2.720 21 2. 718 20 2. 719 32 
H 2.664 10 2.670 17 
H 2.575 8 2.563 7 2.566 9 
zc 2.432 21 2.429 27 2.431 30 2.431 32 2.427 26 2.467 29 
H 2.313 2 2.319 2 
zc 2.230 21 2.223 23 2.219 23 2.220 22 2.218 24 2.256 20 
zc 2.043 24 2.039 30 2.038 31 2.041 28 2.038 29 2.071 27 
H 2.012 7 
H 1.989 5 
zc 1.874 24 1.869 29 1.872 23 1.873 24 1.871 26 1.898 5 
50ac (continued) 
.25 hr. • 5 hr. 1 hr • 2 hrs. 6 hrs. 24 hrs. 
a a a a a a 
l:!hase d(A) ILia d{A) ILia d{A) ILl a d{A} ILIa d(A} ILia d{A} ILia 
zc 1.842 28 1.841 30 1.843 30 1.850 10 
zc 1.822 25 1.817 25 1.816 24 1.815 27 
H 1.677 2 1.676 4 1.677 3 1.698 6 
zc 1. 580 18 1. 587 13 1.584 14 1.584 15 1.584 23 
zc 1.487 9 1.484 11 1.484 12 1.484 11 1.482 8 1.505 10 
7oac 
I 
....... 
• 25 hr. • 5 hr. 1 hr • 2 hrs. 6 hrs. 14 hrs • 0 
N a a a a a a 
I l:!hase d(A) ILIa d{A} ILia d{A) ILia d(A} ILIa d{A) ILia d{A} ILia 
H 6.857 4 6.804 6 
H 5.357 1 5.306 1 
H 4.036 3 4.030 3 
zc 3.797 20 3.806 21 3.807 20 .3. 800 18 3.806 18 3.821 13 
H 2.568 4 
H 3.168 11 3.168 13 3.173 9 3.169 6 3.161 11 3.166 6 
zc 2. 997 100 3.001 100 2.999 100 2.993 100 2.997 100 3.008 100 
zc 2. 871 4 
H 2. 718 26 2.724 26 2.725 21 2.723 13 2.722 25 2. 722 19 
H 2.672 14 2. 669 7 
H 2.592 12 2.583 10 2.591 4 2.582 3 2.570 8 2.580 4 
70°C (cant i nued) 
• 25 hr. .5 hr. 1 hr. 2 hrs. 6 hrs. 14 hrs. 
0 0 0 0 0 0 
phase d{A} ILia d{A} ILl o d{A} ILI 0 d{A} ILI 0 d{A} ILIa d{A} ILI 0 
zc 2.465 34 2.465 33 2.466 33 2.463 27 2.466 30 2.479 24 
zc 2.245 24 2.261 22 2. 259 23 2.258 24 2.258 22 2.266 24 
zc 2.071 29 2.073 26 2.072 28 2.068 27 2. 071 24 2. 081 22 
zc 1.898 21 1. 900 4 1.902 21 1.897 23 1. 897 24 1.897 24 
zc 1.852 27 1.853 8 1.852 24 1.851 24 1.851 22 1.860 23 
H 1. 780 2 
H 1. 715 5 
I 
~ zc 1.586 18 1. 586 20 1. 587 18 1.585 20 1.585 18 1. 592 13 0 
w 
I zc 1.549 13 1.550 17 1.546 12 1.548 11 1.549 11 1.549 12 
zc 1. 506 12 1. 509 12 1.505 10 1. 507 11 1. 505 9 1. 513 7 
zc 1.463 1 
AC 1.435 2 
90°C 
.25 hr. • 5 hr. 1 hr. 2 hrs. 6 hrs • 14 hrs. 
0 0 0 0 0 0 
phase d{A} ILl a d{A} ILl o d{A} ILl a d{A} ILl o d{A} ILl o d{A} Ill o 
H 6.865 4 6.807 7 6.924 5 6.815 9 6.843 11 6.828 11 
H 4.050 3 4.072 4 4.030 4 
zc 3.808 19 3.801 16 3.818 17 3.814 13 3.839 15 3.836 12 
H 3.684 4 
90°C (continued} 
.25 hr. .5 hr. 1 hr. 2 hrs. 6 hrs. 14 hrs. 
0 0 0 0 0 0 
~hase d{A) ILJo d{A} ILio d{A} ILJ o d{A} ILI 0 d{A} IlJo d{A) ILia 
A 3.390 5 3.394 4 3.401 7 3.398 5 3.405 4 
A 3.280 4 
H 3.176 15 3.171 15 3.180 17 3.187 15 3.183 14 3.172 13 
zc 2.995 100 2.998 100 3.002 100 3.004 100 3.019 100 3.021 100 
H 2.880 17 2.882 21 2.883 17 2.888 15 2.876 14 
H 2. 722 31 2.729 36 2.730 40 2.730 33 2.735 30 2.733 31 
H 2.720 25 
I 
1-' H 2.669 17 2.683 13 2.676 14 0 
""'" I H 2.566 19 2.573 12 2.578 11 2.575 12 
zc 2.467 40 2.467 37 2.463 34 2.469 28 2.483 28 2.485 30 
H 2.333 7 2.333 2 2.326 7 
zc 2.259 27 2.259 24 2.260 31 2.258 19 2.274 23 2.275 21 
H 2.197 3 
zc 2. 072 35 2.071 27 2.072 32 2. 074 22 2.085 24 2.085 24 
H 2.045 5 
H 1.977 5 1.980 2 
zc 1.899 22 1.900 27 1.904 22 1.900 21 1.908 23 
zc 1.853 33 1.852 22 1.854 24 1.856 21 1.864 20 1.866 25 
A 1.720 11 
H 1. 618 3 1. 620 4 
I 
...... 
0 
0'1 
I 
90°C (continued) 
.25 hr. 
0 
~hase d{A) ILio 
zc 1.585 27 
zc 1. 548 23 
zc 1. 512 13 
zc 
zc 
• 5 hr. 1 hr. 
0 0 
d{A) ILI 0 d{A) 
1.586 22 1.587 
1. 549 16 1.552 
1.509 9 
2 hrs. 6 hrs. 14 hrs • 
0 0 0 
ILJ o d{A) ILI 0 d{A) ILI o d{A) ILio 
26 1.590 16 1.595 15 1.595 12 
20 1. 553 15 1.549 13 1. 551 13 
1.511 6 1. 518 5 1.517 6 
1.466 3 
1.436 3 1.435 3 
Open-Beaker Experiments: Varying Zn/Mg Molar Ratio 
1Zn: OMg .85Zn:.15Mg • 75Zn:. 25~1g .50Zn:.50Mg • 25Zn:. 75t~g .15Zn:. 85Mg 0Zn:1Mg 
a a a a a a a 
phase d(A) ILia d(A) ILIa d(A) ILIa d(A) ILIa d(A) ILia d(A) ILia d(A) ILJ a 
H 6.857 5 6.727 4 6.820 5 
C102 3.835 13 3.727 20 3.739 18 3.723 13 3. 725 10 3. 735 9 3. 719 3 
H? 3. 572 5 
A 3.380 3 3.391 2 3.392 6 3.406 10 3.403 7 
A 3.263 2 3.627 1 3.268 2 3.286 2 3.286 3 
H 3.177 8 3.158 8 3.166 4 
I 
....., LMC 3.018 20 0 
'f' C104 3.018 100 2. 928 100 2.932 100 2. 917 100 2.915 100 2.911 100 2.902 100 
H 2.886 8 
H 2. 729 25 2. 719 20 2.725 12 2.703 10 2.709 11 
C006 2.684 7 
H 2.678 10 
H 2.592 6 2.566 7 
A 2.487 9 2.485 3 2.488 5 2.490 5 
LMC 2.486 2 
CliO 2.483 26 2.424 28 2.425 25 2.411 22 2.417 17 2.417 13 2.409 9 
A 2.366 4 2. 376 7 
A 2.338 5 2.328 4 2.338 3 
LMC 2. 272 5 
1Zn: ().1g o 85Zn: o15Mg o 75Zn: o 25Mg o 50Zn: o 50Mg o 25Zn: o 75Mg o15Zn: o 85Mg 0Zn:1Mg 
0 0 0 0 0 0 0 
~hase d(A} ILJ o d(A} ILio d(A} ILJ o d(A} ILJ o d(A} I 0 o d(A} ILI 0 d(A} ILI 0 
C113 2o273 24 2o216 26 2o218 24 2o205 30 2o205 31 2o205 30 2o198 32 
A 2o108 2 2o110 4 
LMC 2o085 5 
C202 2o084 25 2o036 26 2o038 24 2o026 25 2o025 20 2o024 23 2o019 16 
A 1o 971 2 1.974 3 1.975 5 1o 979 9 1o 979 9 
A 1.883 8 1.882 6 
C204 1o905 22 1o871 12 1.874 10 
C108 1o857 11 
I 
....... ? 1.843 17 0 
-.....J 
I Cl16 1.863 25 1.814 28 1o814 25 1.809 32 1o809 31 1.807 31 1.802 26 
H 1. 788 2 
A 1o741 5 1. 745 8 1o743 5 
A 1o727 4 
H 1. 719 4 
C211 1o583 9 1. 528 8 
C212 1o594 13 1o558 18 1. 559 15 1o551 15 1o554 9 1o550 11 1. 551 5 
H 1. 554 12 
C214 1o518 8 1.482 9 1o482 9 1.472 6 1.473 7 1o468 3 
Cll9 1.501 
~1edl in-Type Experiments: Ca-Mg Carbonate System 
1 hr. 3 hrs. 10 hrs. 24 hrs. 
0 0 0 0 
phase d(A} ILJ o d(A} ILJ o d(A} I [I o d(A} ILio 
D 4.027 1 
MC 3. 770 5 3.767 9 3.767 9 
HHC/D 3. 711 8 3.698 3 
? 3.579 1 
MC 2.967 100 2.970 100 2.927 100 2.968 9 
I 
...... D 2.887 100 0 
00 
I CM 2.773 51 2. 776 83 2. 774 76 2.784 15 
D 2. 676 3 
D 2.541 3 
CM 2.538 5 2.543 8 2.541 5 
MC 2.441 8 2.449 23 2.450 13 
HMC/D 2.413 14 2.406 9 
CM 2.337 8 2. 339 14 2.334 11 2.337 1 
MC 2.236 12 2.239 37 2.244 28 
HMC/D 2.205 30 2.193 23 
CM 2.122 25 2.124 51 2.121 42 2.126 7 
D 2.063 3 
MC 2.050 13 2.055 22 2.057 24 
1 hr. 3 hrs. 10 hrs. 24 hrs. 
0 0 0 0 
phase d(A} IOo d(A} ILio d(A} ILio d(A} ILl o 
HMC/D 2.026 17 2.016 5 
CM 1.953 10 1.955 21 1.954 17 1.958 2 
MC 1.866 12 1.871 33 1.874 24 
D 1.849 5 
MC 1.833 11 1.839 41 1. 840 32 
HMC/D 1. 816 31 1.807 15 
D 1. 788 16 
CM 1. 720 15 1. 723 32 1. 721 24 1. 726 4 
I 
1.597 3 1. 599 4 1.581 ....... MC 9 0 
~ 
I D 1.567 3 
MC 1. 577 6 1. 578 12 
HMC/D 1.553 8 1.545 9 
MC 1.523 4 1.523 8 1. 521 8 1.523 1 
D 1. 501 1 
~1C 1.498 8 1. 499 12 1.499 13 
D 1.466 3 
D 1.445 1 
Medlin-Type Experiments: Ca-Mg Carbonate System (with NaCl) 
1 hr. 3 hrs. 10 hrs. 24 hrs. 
0 0 0 0 
phase d{A} ILl o d{A} I /I o d{A} ILI 0 d{A} I/I o 
D 4.018 1 
MC 3.574 10 3. 715 5 
HMC/D 3.706 8 3.685 4 
A 3.461 2 
MC 2.942 100 2.953 100 2.989 11 2.972 3 
HMC/D 2.890 100 2.901 100 2.882 100 
I 
....... CM 2.787 67 2.787 49 2.763 18 2.756 7 
....... 
0 
I HMC/D 2.687 1 2.667 3 
D 2.536 2 2.536 3 
CM 2.554 3 
A 2.475 2 
MC 2.438 19 2.438 14 
HMC/D 2.399 14 2.405 15 2.401 12 
CM 2.334 9 2.335 5 2.325 1 
MC 2.233 34 2.228 22 
HMC/D 2.188 30 2.199 36 2.189 29 
CM 2.131 35 2.131 28 2.116 16 2.108 4 
D 2.061 4 
~1C 2.048 32 2.046 29 
1 hr. 3 hrs. 10 hrs. 24 hrs. 
0 0 0 0 
~hase d{A} ILl o d{A} ILio d{A} ILI 0 d{A} ILl o 
H~1C/D 2.012 24 2.020 22 2.013 17 
A 1.974 4 
CM 1.960 13 1. 971 13 1. 951 5 1.949 2 
~1C 1.870 9 1.860 21 
D 1.846 4 
MC 1.836 18 1. 832 28 
HMC/D 1.817 14 1.807 30 1.812 23 1.806 14 
HMC/D 1. 791 24 1. 785 19 
I 
........ CM 1.728 18 1. 713 6 1.713 2 ........ 
........ 
I MC 1.593 3 
D 1. 566 5 
MC 1.569 7 1. 569 12 1. 569 5 
HMC/D 1. 547 8 1. 544 9 
HMC/0 1.497 2 1.495 2 
MC 1.489 2 
HMC/0 1.466 4 1. 471 4 1.464 2 
0 1.443 1 
Medlin-Type Experiments: Ca-Zn Carbonate System 
3 hrs. 24 hrs. 120 hrs. 3 hrs. 24 hrs. 120 hrs. 
a a a a a a 
phase d{A} ILia d{A} ILIa d(A} Ill a phase d{A} I[Ia d(A} I[Ia d(A} ILia 
? 12.269 3 C104 3.025 100 3.026 46 3.026 IOU 
? 10.913 2 ? 2.926 6 
? 10.187 2 C006 2.853 12 
H 6.807 7 ? 2.833 2 2.830 6 
? 6.564 6 S104/H 2.742 21 2. 747 100 2.750 75 
I ? 5.340 5 H 2.675 10 ,__. . 
,__. 
N? 
I • 5.116 2 ? 2.639 19 
? 4.594 8 ? 2.630 1 
? 4.169 6 H 2.570 8 2.552 13 
? 4.053 1 CliO 2.487 23 2.486 8 2.488 19 
? 4.019 2 ? 2.444 10 
Cl02 3.848 7 3.837 4 3.837 7 ? 2.397 12 
H 3.667 2 suo 2.327 5 2.326 30 2.327 21 
S102 3.550 5 3.549 40 3.549 34 C113 2. 277 20 2.278 10 2.278 22 
? 3.480 4 ? 2.224 1 
H 3.348 5 ? 2.193 4 
? 3.282 12 S113 2.111 20 2.112 17 
H 3.181 7 C202 2.088 18 2.087 9 2.089 21 
? 3.096 18 ? 2.015 3 
3 hrs. 24 hrs. 120 hrs. 
0 0 0 
~hase d(A} ILio d(A} 10 o d(A} ILJ o 
5202 1.946 5 1.946 30 1.947 23 
C204 1.924 4 
C108 1.907 19 1.908 21 
C116 1. 869 18 1.871 11 1. 872 23 
? 1.807 5 
5204 1. 771 1 1. 777 11 1. 779 12 
5108 1. 706 6 1.702 56 1. 707 34 
I 
...... ? 1.666 1 
...... 
w 
I C211 1. 622 2 1.622 2 1. 622 3 
C212 1.599 9 1.601 6 1.600 10 
H 1. 551 8 
? 1. 535 23 
C208 1.520 7 1.520 5 1.518 17 
Cll9 1.493 3 1.492 15 1.495 14 
? 1.467 1 1.468 2 
C300 1. 437 3 1.439 2 1.440 5 
Medlin-Type Experiments: Ca-Zn Carbonate System (with NaCl) 
3 hrs. 120 hrs. 3 hrs. 120 hrs. 
0 0 0 0 
phase d{A} Ill o d{A} 1/lo phase d{A} ILI 0 d(A} I[Io 
? 12.459 12 H 3.189 9 3.149 5 
? 10.960 3 ? 3.097 12 
? 10.158 22 C104 3.025 100 3.027 100 
H 6.862 4 6.946 8 ? 2.923 4 
? 6.576 2 ? 2.858 21 2.828 70 
? 5.313 4 S104/H 2.740 17 2.757 10 
I 
.._. ? 5.111 10 H 2.673 11 .._. 
~ 
I ? 4.601 4 ? 2.635 73 
? 4.481 3 H 2.556 5 
? 4.326 4 ? 2.528 4 
? 4. 097 7 CliO 2.483 26 2.488 14 
? 4.030 4 ? 2.450 3 
? 4.022 20 ? 2.365 7 2.398 5 
C102 3.845 11 3.845 8 H 3.355 8 
H 3.666 5 3.662 2 suo 3. 311 8 2.314 39 
S102 3.547 5 3.558 5 C113 2.281 22 2.279 21 
? 3.483 49 ? 2.220 1 
H 3.350 7 ? 2.143 5 
? 3.289 3 C202 2.087 24 2.090 23 
3 hrs. 120 hrs. 3 hrs. 120 hrs. 
0 0 0 0 
~hase d{A} ILio d{A} ILl o ~hase d{A} ILio d{A) I [I o 
? 3.250 2 ? 2.048 3 
? 2.013 9 5108 1.706 6 1.705 9 
H 1.982 6 ? 1.673 6 1.687 7 
? 1.966 3 ? 1. 641 7 
? 1.935 10 C211 1.621 6 1.624 7 
C108 1.907 23 1.908 20 C212 1.598 15 1.601 20 
C116 1. 869 23 1.874 22 H 1.552 11 1.549 12 
? 1.858 32 ? 1.535 11 
I 
? 1. 827 3 C208 1.519 10 1. 522 18 ...... 
...... 
c.n ? 1.808 4 ? 1.469 2 I 
5204 1. 785 3 C300 1.437 2 1.439 5 
? 1. 742 2 
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